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(57) ABSTRACT 

The present invention provides methods of treating non- 
insulin dependent diabetes mellitus, insulin resistance, Syn- 
drome X, diabetic neuropathy, diabetic nephropathy, dia- 
betic retinopathy, diabetic cardiomyopathy, polycystic ovary 
syndrome, cataracts, hyperglycemia, or impaired glucose 
tolerance, the methods comprising the step of administering 
to a patient having or at risk of having non-insulin dependent 
diabetes mellitus, insulin resistance, Syndrome X, diabetic 
neuropathy, diabetic nephropathy, diabetic retinopathy, dia- 
betic cardiomyopathy, polycystic ovary syndrome, cataracts, 
hyperglycemia, or impaired glucose tolerance a synergistic 
amount of:l) a sulfonylurea, a non-sulfonylurea K + ATP 
channel blocker, or a sulfonylurea and a non-sulfonylurea 
K 4 * ATP channel blocker; and 2) a cAMP phosphodiesterase 
type 3 inhibitor. The present invention also provides kits and 
pharmaceutical compositions that comprise: 1) a 
sulfonylurea, a non-sulfonylurea K 4 * ATP channel blocker, or 
a sulfonylurea and a non-sulfonylurea K + ATP channel 
blocker; and 2) a cAMP phosphodiesterase type 3 inhibitor. 
The present invention also relates to kits and pharmaceutical 
compositions that comprise 1) a sulfonylurea, a non- 
sulfonylurea K + ATP channel blocker, or a sulfonylurea and 
a non-sulfonylurea K + ATP channel blocker; 2) a cAMP 
phosphodiesterase type 3 inhibitor; and 3) an additional 
compound useful for the treatment of non -insulin dependent 
diabetes mellitus, insulin resistance, Syndrome X, diabetic 
neuropathy, diabetic nephropathy, diabetic retinopathy, dia- 
betic cardiomyopathy, polycystic ovary syndrome, cataracts, 
hyperglycemia, or impaired glucose tolerance. 
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[57] ABSTRACT 

The present invention is in the field of medicine particularly 
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specifically, the present invention relates to selective \U 
aErgic 7 receptor agonists useful in the treatment of lype 
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[Beta 3-adrenoceptor-mediated relaxation of guinea-pig gastric funds smooth 
muscle: cAMP-independent characteristics and a primary role of 4-aminopyridine- 
sensitive voltage-dependent K+ (Kv) channels]. 

[Article In Japanese] 
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274-851 0, Japan. 

Abstract 

beta-Adrenoceptor subtypes which mediate relaxation of guinea-pig gastrointestinal smooth muscles In response to 
catecholamines ((-)-isoprenaline, (-)-noradrenaline and <->-adrenaline) and beta 3-adrenoceptor agonists (BRL37344 and 
(+/-)-CGP12177A) are predominantly beta 3-adrenoceptors. Although cAMP-PKA system is thought to play a substantial 
role in the smooth muscle relaxation mediated via beta 1- and beta 2-adrenoceptors, there is little information on the role 
of cAMP in beta 3-adrenoceptor-meidated relaxation. The present study was carried out to elucidate the role of cAMP in 
beta 3-adrenoceptor-meidated relaxation of guinea-pig gastric fundus smooth muscle. Furthermore, possible 
contribution of two types of K+ (voltage-dependent and Ca(2+)-actlvated K+, BKCa; voltage-dependent, Kv) channels was 
also examined pharmaco-mechanically. In gastric fundus smooth muscle, catecholamines and beta 3-adrenoceptor 
agonists elicited potent relaxations in the presence of beta 1- and beta 2-adrenoceptor antagonists. All of these relaxations 
were not diminished by an adenylate cyclase inhibitor, SQ-22,536 (100 microM), which indicates their characteristic of 
cAMP-independency. SQ-22,536-resistant, beta 3-adrenoceptor-mediated relaxations were strongly attenuated by a Kv 
channel blocker, 4-aminopyridine (3 mM), but not by iberiotoxin (100 nM), a selective blocker of BKCa channel. The 
present results indicate that 4-aminopyridine-sensitive Kv channels play a primary role in cAMP-independent relaxation of 
guinea-pig gastric fundus smooth muscle in response to the stimulations of beta 3-adrenoceptors. 
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Summary 

1 To clarify whether there is a species difference or a tissue difference in -adrenoceptor*, the 
^-adrenoceptors mediating relaxations to catecholamine* ((-)-woprenalinc> H-notttdrenaHrte 
and (-) •adrenaline), a selective ^-adrenoceptor agonist BRL37344 and a non-conventional 
partial ^-adrenoceptor agonist (*)CGP1 2177A {a potent p> and {^adrenoceptor antagonist 
with a partial ^adrenoceptor agonist properly) were investigated in the guinea-pig ileum, 
2 ' Catecholamines and ^adrenoceptor agonists induced concentration-dependent relaxa- 
tions of precontracted strips of the guinea-pig ileum. The rank order for their relaxing potency 
was H-isoprcnaUnc (pD 2 , 7.60) > BRL37344 (7.05) > H-noradbrenaitoe (6.38) > (*)<ZG~ 
PJ2177A (6.25) > (-^adrenaline (6.07J. 

3 In the presence of the non-sticctivc fa- and pi -adrenoceptor antagonist (^-propranolol 
(1 |txt], only small rightward shifts of the concentration-response curves (CRCs) to these 
agonists were observed and the rank order of potency of agonists was BRL37344 (pD*: 
7.00) > (±)-CGP12177A (6.17) > H-iwpn*nalit» {6.01) > H-noradwaialine (5.69) > H-ad- 
renatine (5.41). 

4 In the presence of ^propranolol (1 m)> die additional presence of (*}-rmpran6Iol 
(3-30 UM), a nan-S£rtoctive p r < p> and Pi-sdrenoceptor antagonisr^ caused a concentration- 
dependent rightward shift of the CRCs to catecholaniines and ^-adrenoceptor agonists. SchUd 
plot analyses of <*)-bupranolol against these agonists gave pA& values of 6.02 (H-bopren- 
alinej, 6,03 (H-noradrenaltne), 6\01 ({^adrenaline), $>S6 (BRL37344) and 5.74 ((±)-CG- 
P12177A), respectively. Alt Schild plot slopes were not significantly different from unity. The 
pKz values of (*)-hupr*nolol obtained for the guinea-pig fc^oWoceptors were about one log 
onit less than the values obtained for die rat fo-actaoccptors and about two log unit* less than 
the values obtained for dog fa-adrenoceptoss. 

5 These results confirm that functional p^dirnoceptons are present in the guinea-pig; ileum 
and that the relaxations of these agonists arc mainly mediated via 0j-aarcGocepeors in lids 
tissue. Hie differential antagonistic potency of (*)-bapranolol may suggest that there is. a 
species difference between the three species (guinea-pig, dog and rat) In their pj-adrenoceptors. 

Introduction «T * ndfaT M^oapjr^^) wd 1^. 

siUVc respoiisc*. Recently, several studies, showed 

p-AdreaoceptDrs were initially subcJsww&ed by ^adrenoceptors In the Ueum with charactarirtic* 

Lands, Arnold, McAuliff, Luduena GC Brown Jun distinct from Pi- and (^adrenoceptor subtypes 

(1967a) and I a nds, Ledums fie Btmo (1967b) into and referred to a* p^adreooceptori or atypical 

Pi- and pi- adrenoceptor subtypes* la the guinea-- p- adrenoceptors (for review, see Manara, CroeS Sc 

pig ileum, the p-adceuoccptor-medaated idaxad an Landi, 1995]. 

was iugge*ted to be mediated via a bomc^taeou* We have reported dan; Pradrcnocepton or 

population of pi-adreaoceptor subtype (Graaby 5c atypical p-adraa cceptoro am involved in mediating 

Bceadley, 1984), however, Bond & dark {1987} the relaxant response of the guioca*pig duodenum 

© mo reported the presence of hods |iroprane4nl.«ffiritive and the guinea-pig gastric funds* (HormouehJ 6c 

BwfwelSdwaitM 
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Koike, 199*a, b). Fortbcwnote, Horincuda «c 
Koike (1999a, b) showed that the pA* value of 
{*)-bunrannlol against {-)-isopt*ttaJUne «uuJ 
pj-adrcruxxpior agonist (*)-CGP12177A ww 
6.02-«\uS and 5.70-5.80, respectively. However, 
several pA z values for (*)-bupranolnl have been 
repoitrdi' the value against H«kopcenaline is 8A9 
at P j-adrcnoceptar* In the dog cktxuicr (Yam*xaki 
•*«/., 1958} and the value against (*}-CCPU177A 
is 6.70 at py adrenoceptor* in the rat fat cell 
(Galmkjr et «t, 1997). & rerruthw possible that 
there te a. spedes difference or a tissue di tfetence in 
the distribiition of ftr Adrenoceptors. 

The aim of the present sTudy ww to characterise 
the p j-adrcaeceptors involved in relaxant responses 
to die gni oca-pig ileum using functional c*peri- 
mcata with catecholamines ((-Hsopferjaline, (->- 
Doradrcoaline and (-J-adrenaltiM:), p 3 -aiireaoceptOf 
agonist* (BRL37344 and (±)-CGP12177A> and a 
nonselective Pi-, P^- and p^adrenoceptor antag- 
onist {i]-bupjraoolol. To clarify whether there ii a 
species difference or a tissue difference in pV 
adrcnooeptort» we compared pAz values for ant- 
agonism by {*)-bupranaloi of the Pj-adrcnoccjrtoj* 
of the guinea-pig ileum with published values foe 
the Adrenoceptors obtained froea the guinea-pig 
duodenum, the guinea-pig gastric fundus the dog 
detrusor and the rat fat < " 



M&cbattteai response* 

Mate Hartley guinea-pigs weighing 300-500 g 
were killed by cervical dislocadon and the distal 
ileum was removed. After washing oat the luminal 
.contents, bngitudinal smooth muscle from the 
ileum was isolated by rubbing the ileum with a 
cottmi. Ewah, Each segment 2-3 cm in length was 
setup in a, 20-ml organ bath under an initial resting 
tension of -500 rag in oxygenated {a mixture of 
95% O z and 5% CO z ) Rfogcr-Locfce solution 
mahunined at 32 °C with de»ncAylinupr«mine 
(1 um; to block neuronal upczke of catecholam- 
ines), ttonaccsnepnrine (10 um$ to block exwaneu- 
ronal uptake of catochoJarniacs} and! phcntolansiDe 
(10 um; to block u>*drenoceplot«). The compos- 
don (com) of Ringer-Locke solution was as fol- 
low* N*a 154; KG, 5.6; CaCI* 12; MgCI 2 , 2.1; 
NaHCOj, 5.9 and glnco*e > 2.8. Changes intension 
of scrips were recorded isornctrieolly. Strips were 
allowed to equilibrate for at lease 30 mm before 
eaepciixneucai procedures were begun. 

The relaxant action of ^adrenoceptor agonists 
was determined by treasuring relaxation of hkta- 
mine-induccd contraction evoked By addition of 
the agonists; InWalry, two eoneent»«tteOr*eer>onse 
curve* (CRC?) to hiramine were constructed for 
each tissue, to determine a ctmcentratioa of hista- 



mine which gave subraudrnal contraction. A sub- 
raawraaJ concentration of histamine was used, 
, CRCs to ^-adrenoceptor agonists weft cOnstruc- 
ted by cumulative addition to fdstarnirie-contrac^d 
strips until a maximal relaxant response was 
observed and the relaxation induced by agonists 
was expressed ss a percentage of the m a x i m al 
agonist (3 UM H-i^rcnalinc) response. CRCs 
were constructed at 33 mm intervsJ, allowing 
30 min equilibration time .for antagonists, which 
were added at the end of each CRC. 

In experiment testing the effect of antagonists 
on the relaxation induced by BR137344 or <*)* 
CGP12177A, only one CRC to the agonist 
(BRU7344 or <±}-CGP12177A) was constructed 
in any one tissue, hi these esses paired experiment* 
were carried out U CRCs to (-^-isoprenaline were 
not sagnihcantly different in the paired tissues then 
one tissue ' was subsequently treated with. . 
BRL37344 in the absence of duatagorjbt. The 
antagonist was present tor 30 min before the 
ofCftato»RU7344. 



Data analysis 

The data were presented as mean *$EM of 6-3 
experiments. Agonisdc potency was expressed as ■ 
the pD z value (Van ftoaeum, 1963). The mtrmsk 
activity (fAJ of an agonist was measured relative to 
ttw maximal relaxation indoeed by the full agonist 
{-H*opJte*aline (3 um). A h'gand in which an I A 
was significantly lower than 1 was defined at a 
partial agonist. The pAa values for antagonists, as 
denned by AnmUVshana & Scbild {1959), were 
calculated according to the method of Txtuarida, 
Cowan & Adler (1979). Statistical analyse* were 
performed with the Newman-Keuls test when 
appropriate. A P-value of leas than 0.05 was 
considered statistically significant. 

Drugs 

H-Jjoprcnalioc hydrochloride, (~)-nc*adicn*hnc 
bhartrate, H-adrenahoe bhartrate, (^propran- 
olol hydrochloride, hhrtaminc dihyuWcWoiidc, 
ds&methyHtnipfambae hydrochloride and rwnneta- 
nr^phrtee hydrochloride were purchased from 
Sigaa* Checiical Co. (St Louix, MO, USA}. 
BRL37344 . I(R*, JL*WhHl4ll!^^^i^ 
ny)r-2-hydrc*vethyl)ammo]p^ 
add] was obtained from Nacafaitesgne (Kyoto, 
Japan). (*)-CGPI2177A (tH^Kl^-dimcthylcth- 
yI)amina]-2-hyd>as>^»pD3^]-l,3-o^hydbrt>-2H- 
beniuniuaxol-2-ouc) hydrochloride) was from 
Research Biochcziacal* (Natkk, MA, USA). Fhcn- 
tdLamme mesylate was provided by Novartix 
(Basal, SwitatetSand). (^-Bupranolol hydrochloride 
was a gift from Kaken IWaaccurical Co., Ltd 
(Tokyo, Japan). AH the drugs were dissolved in 
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distilled water. All oilier 
wijjdytical 



Result* 

Effect* of cat&hahmimj 

In the aicaioe of (il-proprsnolol (1 jiM ), the three 
catechobuniiies relaxed btstaminc-induced tone in 
the guioca>|rig ileum {Kg. la). -Hie pD 2 vdi>e£ And 
intrbsic activities are shown in Table I. (-)-Nor- 
adrmyJinc and (->-adrcri0unc were partial agonist* 
as thdr intrinsic activities (0.90 * 0.02 and 
• 0.92 ± 0.02, rwpcaivciy) were significantly lower 



tMD*JENOOFrO«NtW<ajt*^ 

s of than 1 (P < 0.05}, Use relative rank order of 
potency was H-3wprenalmc > <-H»rtareaal- 
ine > H -adrenaline. 

(^Propranolol (1 um) weakly anugoauwd the 
relaxant responses to catnrholamines without 
roduesig the maximum relaxation and caused 
only 3£-, $- and 3-fold rightward shifts of GftCs 
to (-Hfopcenalhw, H-noradrenallac and (~}~ 
adrenaline, respectively {B&. lb). In the presence 
of (*) -propranolol <1 nM), the rank order of 
agonist potency was H«itop«aoaliae > H-norad- 
reoaline > H-adrcnaHnc (Fig. lbj Table I}„ 

Effects of Pradrtnoceptor agonists 




Figur* i Ow/t, tenii »*■ c«rw* for ^topnaMtliBe 

H«o«*awi«lk* {▲) wad t-Vwfawliiae f *) fa tic 
•bwaX* Of <*H>rojsnM«iW *«4 lbj Ut tfac £e**e«c* «rf (*)- 



In the absence of {^propranolol {3 pxi), 
BRL37344 and <±J»CGP12177A caused relaxation 
of the guinea-pig ileum cxmcentxat>oa*dependem1y- 
(Fig, 2a, b). BRL37344 was similar is potency to 
(-)-koprmalina sad (±}-CGPl2177A was some- 
what lew potent than {-J-wjpreoalinc (Table 1)1 

3 with 



BRU7344 and (*KX3PX2177A w 
lower than that achieved with H-bOfwenrfUne 
(Fig. 2a, b>, indkating that the two ftj-odrenocep- 
tor agonists acted an a partial agonist in this tissue, 
the CRCstoBRL37344 and <*KGP12177A were 
not affected by (^propranolol {1 UM, Kg. 2a, b). 

Effects of (tjhbtfpnmoloi on retexatton induced 
by eaucholamitutt and Pjt*dmtoasptor agonists 

The effects of (*)-rnipranolol on agootets-induced 
relaxation, in the presence of (*)-propr » noIol 
(1 pw), were shown in Figs 3-5 and 6a, b. With 
eooccatrariona of (*}-bupr*iioloI, nu^Lng from 3 
to 30 um, clear rightward shifts of the conoeanra- 
rioxj— respooac curve* to these agonist* were consis- 
tently observed. The ArunW«hana-$chi]d plot of 
the data revealed the pA 3 value* for 4*)~boprai>o!ol 
against catecholamine* and pVaditooceptor * Sk- 
ills to be 6.02 ±0.05 ' (H-iaopccaaline, slope; 
X.02 * 0,02, n= 6m * 0.0S {H-nomlrcttaJ- 
inc, 1,03 * 0.03* n « 7), 6J01 * 0.03 «~)-adren«t- 
ine, 1.04 a 0,04, n m 8), 6JS6 a 0.02 (BRL37344, 
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TaMa I Fotesde* of eaMdbetmta* and 
' J (I |d*| on d 









(*Vpropnuu)t<ii 


Agsakt ' 
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pDivfthie 


IA 


(-HMpMsalk* 
{-MuS/isaIm* 
r*)«SP1Z177A 


7^50*0^ 
6.25 > 


1 

MO *ao2 
«.» »acs 


5,6f ±0.05 
5.41 * 0.04 

7.00 *WJi 
«.!7*<MI9 


OJ9.*.0.03 
DtSZjtO02 

a*4*ao3 

0.70 *ACi 
045*0.03 



Vuloe* fre tarn* SEM fraco fi to Kwgtafatttta. pDi value «= - W ECU CEC^ 
Bg ^ MHM w ak w of mpffrttnf fieA rit c Iwlt i twadtet gwi icapCMM^. IA &• &&cx4 M r>d fat 
cadt Hpnht Im rib* «Unukc or pracucc of <*H*x**iiv:>W U tot > rektfre k» tbc 

wwiawtti reteafew te^W by f>}4«a«taaIiM (3 kU) k t** hhxmm nf {«f 
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Figure 1 of (kj-berrawjlol oa < 
«bt»v* fbf (-HnjpKmta in tie pKMoi of (*h»opf**oU>J 
(1 iiM ). CcsSroi, no W-fcwpraaoW (Oij [.Hr^i^d 3 |M <»fe 
ttl ^iraaotol 30 *u (Afc (*H?*pf*oolol 50 jiM {■), Ocdintto 
rcJu&ooo (K), mqwiratrf mi a peKaaaCMfc rctttbc to the 

ecncMttBthm <mJ «f tft* tm 4nagL. Em& pafet nqmMKMtfce 
a * S£M af «* «sp«Htoem«. The 1ms ifcmtiwaaro- 



tmpcauM <utM» for ud f«>-C^U177A 1 

(a) SKU7344 <OJ, plot (*) T ropnuw*d {I pM) 

tt>3 M-CCfmr/A <m\y (O), UHXJf 12177A pint (*>- 
propftjwld (1 ja*) (*). OrdUutK xifoutJra [S>, ccpraasd u ■ 
pearottfat rcUtiw to ibc PMriwam rriamtfati iiaducod£by(->- 



B*um 4 Effect of (*H>upr»DolDl on caao6f*tt»DP«t gyan i e 
wnr» lor <"}-WM*dJwv»linfc in the prennut of (*) -pcpiwiimilol 
CI V**y Cootrol. no (i>b«pnuiolol (OX t *H*J5xwwlol 3 jiM 

OrtfeaK; rctextlfee (%}, &?>Kttc4*t a pc-axm** rtirtw to Oa 
DMudDcram itAeGUko taSacc d fcy (»>l«3«wljbe<3 pM); shrine: 

mtmtmSm (m) of flw m* 4*w. goto npaw—u ifay 



Hll-« HUH «t 




cmtk> foe (-Hdmnfow fm &* pmmm of ft>y w ;w M plft1 

UMwpnw^l 10 p4 {AX W-fcastfMofel » |M [■). Onfe** 

ream ftffcnujqn Induced fcy (»»)4haprc*»tfaK (3 pMfc »h>diMU 
coMattrufea of the m d 



1.01 * 0.01, n « 8) «ad 5.74 * 0.03 . 
C<3tol77A, 1.00 x 0.0f, »=»8}. The slope of 
each regression line was not s^gnificandy different 
from unity {Hgs 3-5 and ^ b; TofaJc 2). 

IHjSCtuwtott 

The presence of Pj-adreooceptar* or tbe atypiod 
B-adteooceptor has now been generally accepted* 
The Wgjj potency of a navel clattof adrenoceptor 
»gcHiis4s (ArcK e# ot, 1984) ha* provided mvo& ' 
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IHfwne * EJSe« of W-UpraooW mi 
cunts ferSKftJTSW {«> m4 {*K»*tZt77A <b) 1* *he | 

(*hfc«$w*ac4ot30jiM Or&auct rdas«?k» (96), gj g««*d ** 
a ptamme ttU&vt to Ac mdma i n&nadcw wwiix^d by 
(-H*op«M L*t (3 |U1 k ifcacW cwwKilmi (U > of the tnt 

few tin: todivk$u*l cxyctwaw*. • 



support tor the existence of Pj-»ulreiiooep*OFS- 
loese ronton were reported to be abuikUody 
present in adipose and Ratios ntejtui*! tissue {for 
review see Arch & Kaumann* 1593). 

The present *tudy was deigned to characterise 
the fo-adreaoceptof* mediating relaxation of the 
guinea-pig ileum to catockol amines and selective 
adrenoceptor agonitU. The potency o£ cairchol- 



vny similar to values reported for the guinea-peg 
duodenum (Horiijouchi «C Koike, 1999a) and the 



(^^J9K340CSn^MUIN1WCSUNCMWaSJN 

guinea-pig gastric fundus (Hot moochl & Koike, 
1999b), indicating the mvolmncnt of similar 
fo-adrenoctptor populations In the three tissue** 
Propranolol (1 um) shifted CROi to the catechol- 
amines to a variable extent, which Indicated 
variable contribution of pV And ^adrenoceptors 
Co relaxation* induced by these sgonJns. The 
reuuesnt responses induced by (^-adrenoceptor, 
agonists were not antagonized by (^propranolol 
{1 um). Ac (^.propranolol is a very potent and 
nonselective cUsricd ^-adrenoceptor antagonist* k 
can be concluded thai ^adrenoceptor agonists- 
Induced relaxations of the guinea-pig ileum were 
not mediated by classical ^-adrenoceptor* but 
solely by fe-sdtrnoceptors, whereas caiedaokm- 
inea-mduced relaxation* wta* shown to involve 
both classical pV and/or pV*dWcK»rptorni and, • 
predominantly, ^adrenoceptors. The order of 
potency of the catccholaminrs was of the same 
rank order as in the rat jejunum in which 
03-adnmoccptor responses are observed ( MacDon- 
sld, Forbes, Gailacber, Hetpt & McLanghlin, 
1594) This was not affected by {^propranolol 
(J um) and provides, itrong soppon for the view 
that ^adrenoceptors were quantitatively more 
abundant than classical p> and/or pVadrenceep- 
tors. 

' The non-selective p-adrenoceptor jotagonist 
fij-bupranolol, at a dose much higher than that 
antagonizing pi- and pVadteuocept oc-inediated 
effects (Kaumann 8c Moleaaar, 1996), also antag- 
onized the pradrenoceptnrHXicdiatcd effects [Arch 
& Kaumann, 1993). In order to assay the fly 
adrenoceptors, we included (a)-prapranolol (1 um) 
in nmcdonal competition eaftcrxnxnts. to block 
coexisting pV and fo-adreimceptore. <*)-Bupram> 
lol antagonised the relaxant responses to catechol- 
amines and selective fo-sdienoeeptoc agonists in a 
concentration-dependent manner, pAa values for 
{^upxannlol against catechol mines and p> 
adrenoceptor agonists were not significantly differ- 
ent from the pAx values obtained in the. guinea-pig 
duodenum and the guinea-pig gastric iundua 
fltforinoucbi & Koike, 1999a, b>, suggesting there 
is do tissue difference between the three tissues 



Table 2 Oamp*j*R»ef pAa v*hw**a3 ScHM 
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with respect to m fo^drraocejprtw-wiediated re- 
sponses. However, the pA* value for (±)-buprat)0~ 
Id) of 6.02 again* B-«*«rcnftUee in the guinea-- 
pig iJcum was lower tksa the value of 8.15» ia the 
dojf detrusor reported by YanwrakJ (1998). 
Furthermore, the value of 5.74 against (*)- 
CX33?12177A b tie guuoeA-'pig ileum was also 
lower than the value of 6.70 In the rat £tt ceil 
reported by GUitxky et *l {1997}. Thus, the pA 2 
values of Pj -adrenoceptor antagonists obtained in 
guinea-pig tissues were about one or two log units 
lower than the values obtained in die dog and rat 
tissues, indicating that there is a species difference 
between p^aHrerjuoceptors stimulated by H-iso- 
prenaluw and (±}-CGP12177A. Hie reasons for 
these difference* fat potency for pVadxwwceptQf 
rotsgoriiso are not apparent, out have been 
suggested to result from ^-adrenoceptor hereto- 
genetty and/or species differences because of vari- 
ations in the pj-adrenrx*ptor amino acid sequence 
(Blin, Kahmias, Drumaro 5c Strosbcrg, 1994; De 
Ponti, Gibellt, Crerna fit Ucrhlrii, 1995). 

In coxidusVm^tbe present study suggests that in 
ike gnJnca-pte ileum, relaxation response* induced 
by catediolanunea and selective pVagomsts wexo 
mediated pffdnmlnandy by pyadrenooerrfors, 
whereas Pj- and/or ^-adrenoceptors play a «dx»> 
dicate role. In addition, our present results taken 
together with our previous studies {Korinouchi & 
Koike, 1999a, b) on fossaVeBocepturs' in the 
guinea-pig duodenum and gastric fundus, suggest 
that there is no t£»ae difference in ^•adrenoceptor 
profile In these tissues* However, as («Hnirynnolol 
was more potent at both the dog tod rat pV 
adrackoceptoes than in the guinea-pig, it is passible 
that there Is a species difference in the pharmaco- 
logical profile of fe-adwioceptor between these 
cpftstt*. 
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Rapid Report 

Inhibition of HERG K* current and prolongation of the 
guinea-pig ventricular action potential by 4-arninopyridine 

" J. M. Ridley, J. T» Mtlnes* Y. H. Zhang* H- J. Witchel and J. C Haticox 
Department cfPhysbb&arid CardlovauvlarR^r&l^ntton^ Scftwl vf Medical Stkrua, University Walk, Sristol BSB1T1>. UK 

4-Axninopyridine (4-AP) Km been used extensiwSy to study transient outward K* current (Iron) in 
cardiac cells and Uuues. We report here inhibition by 4-AP of HERG (the human, t titer- 
related gene) K* dianaela expressed in a mammal iao ceD line, at concentrations relevant to those 
used to study J TOl1 . tinder voltage clamp, whole cell HERG current (-Turns) tails following commands 
to +30 mV wereblotkad with anXCj» of 4.4 ± 0*5 mW. Development of block was contingent upon 
HERG channel gating, with a preference for activated over inactivated channels. Treatment With 
5 roM 4-AP inhibited peak I^m during an applied action potential damp waveform by -5?%. It 
also significantly prolonged action potential* and inhibited resurgent 1 K tails from guinea-pig 
isolated ventricular myocytes, which Jack an 7to> WccWude thatby blocking tfiem-subunitoflhe 
ifr channel, mAlimoUx cc^centrations of 4-AP can modulate vtotricfuar repolarisation 
' in dependeoth/of any action on r m! . 

C*««H»no1afl*utiwseJ.C.Hino»; DepmrnefitcrfPfwiKfeey 

Sderos. IJtAwsfeyViWfc. Brbtol BS8 ITD, UK. EmsifcfuleLh^ewKt&sLa&t* 



4~Aminopyiidine (4-AP) has been used extensively in 
cardiac clectrophysiology to study the physiological rotes 
of transient outward potassium current Cfrau» Wang cl <& 
1991; Giais et at 199B; Ffaldc etal 1999} Lei et al 2000; 
Kodc et al 2002) and, in recent years, of the 'dtia-rapid' 
delayed rectifier current (J^ U ef a I 1996; Yue et ol 
1996). 4-AP is generally considered' selective for these 
currents in die heart) with micxomolar concentrations 
being used to block 7&, {IX et al 1996) and rniiliraolar 
concentrations to block Jrcu (typically 0.5 to 10 mw; e.g. 
Wangetflt 1991; Gfflu rial 199a;EI«aldce*«t 1999;Leitf 
al 2000; Kodc eta/, 2002), However, limited pubUsbed 
data raise the possibility that 4-AP may not be entirely 
selective for J^i over th t rapid delayed rectifier enrrent 
(Ik,) at concentrations used to study 7 T o,i (Mltcheton & 
Kancox, 1999; Liu et al 1999; Zhang** nt 2000). Given the 
importance of in regulating action potential 
repolarization and duration (Mitcheson & Sanguinctti 
1999), a n on -selective effect of on U v would 

significantly influence the interpretation of data from 
experiments in which 4-AP is applied to cardiac muscle 
cells or tissues. The aim of this study was to determine 
whether or not 4-AP inhibits ionic current (Imza) carried 
by IT channels encoded by HERG (the human ether-a-go- 
gu-related gsne. winch encodes the a-subunit of the J* 
channel; Warrnke & Ganetzky, 1994). 4 : AP was found 
both to inhibit Jjk*g recorded from human embryonic 



Iddney cells and to prolong action potentials from guinea- 
pig ventricular myocytes, which lack Jm,i. These findings 
have widespread implication* fax the use of 4-AP as an . 
investigative tool in cardiac musdcelectrophysiology. 

METHODS 

Maintenance of a nuLromaHan cell line f^Uldy ex jj rowung 
HERG 

Measurements of were made from human e&abryonie 
Iddney (HEK293) cells stably expressing HERG (cdl hue 
generoudy donated by Professor Craig Isauary, University of 
Wisconsin; Zhou et al 1995). Cells were passaged using a non- 
ttEsymsnc agent (Splittfs, AutogenBiodear) and plated out onto 
fragments of sterilized gkt* coverslips in 30 mm peat dishes 
containing a modi&eation of X>ulhecco'B modified Eagle's 
medium with GIutamax-1 (DMEM; Gibco), supplemented with 
10% fetal bovine scram, 400 ^gml" 1 gwusnidn (Gibco) and 
400 /egm!" 1 genetkm {GW; Gibco). CsHi were incubated at 
37*C (5% CO*) for a mbiimum of 2 days prior to any 
deetrophysiulogie*t stu dy; 

Isolation of guinea-pig ventricular myocytes 

Male adult guinea-pigs were killed by cervical dislocation (a 

Schedule 1 procedure according to the Home Of&ce UK Animals 

(Scientific Procedures) Act 1986) and ventrical ajr myocytes were 

enjym&tkafly diapered from bath ventricles udng a method 

described previously (Levi Bt lssbecner» 1996). Prior to use, die 

&o!a«dcaUswe«kepur 

Wodmer,19*2). 
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H*ett6phyoiologicalrecardiiigs 

Cdls were TOperfased vHth a normal Tyrode solution, which. 
xontamcd^ilJONaa^Ka^aObl MgCi* lOgiucose, 
5Hep<5> (tto»wdtopH7-45 wdiNaOH). Experiment solutions 
ware applied wing a faoine-buSl; warmed solution delivery system 
capable of changing the hadiing solution. surrounding a cell 
in<ls. Fatch»pipettc* we fire-polished .to a resistance of 
33-5 Mft.Thepipcttcsolutionfor toor^ 
{may. 130 KQ ( I MgC)»5EGTA, 5 MgATP* lOHepes (titrated to 
pH of fc2 with KOH). A Abased, EGTA-free pipette solution 
containing lOmMNaC) was used for action potential recordings. 
The 'pipette-to-bauY liquid Junction potential was small 
(-3.2 mV) and was luicoirected. Series resistance ($0 values lay 
r>pica0y between 4-7 Un and were compensated by > 70%. The 
expected voltage drop across residual uncompenwtfld X. during 
Tjmo measurements was therefore only small (~3.5 mV or leas) 
andno correction waamade for this. Measurements were madeat 



4-AP powder <Sfgma) was dissolved directly in normal Tyrode 
solution to make test solutions of different concentrations * 
re^edtotalheRe4^£s;pHwa5«oniwtedlo7.*5 with HCt 
Voluge pro tocola and analysis 

Measurements wen made using an Axopatdh 200 or 200 A 
amplifier (Axon Instruments) and a CV-201/2A headetage. 
Vdte$e-damp commands were generated using r WinWCP > 
< John Dempster, Strathdyde Unfvcnity, UK) or pCtAMP (v 6.0, 
Axon uistruments). Data were retarded via a Digsdata interface 
(Axon Instruments) and stored on the bird disk of a personal 
computer. 

Concentra&m-veeponse relationships 
Ikbw hSk were measured on repolarization to -40 mV after 1 s 
depolarizing voltage commands to +30 mV, 4-AP concentrations 
between 100 /oi and 100 ran ware each applied to amlitimnmof 
fiVedifferentceu^Thcraeaa rra^ 



Fractional block* 



t ffQMCOcamieajT 



CD 



l" fHW«COtf»<M I 

where /rasc^i and /ra*aco«r*ci> represent tail current 
amplitudes in the presence and absence of 4-AP»respcctivcry.The 
agent was rapi<2y acting (maximal effects of a gwen. concentration 
typically being observed within -2-4 poises), audits effects could 
be observed without any marked overMng current run»down. 
Conccntration-Kisponse data were fitted by the equation: 



Fractional blocks 



1 



(2) 



where IC» is {4-AP] producing half-maximal inhibition of the 
iHEm}taUmdftisth«Hiilcocfrkjcntforth5fit 

/kkw inhibition at different voltages 

Prom -€0 raV, 2 1 depolamations were applied to potentials 
between -40 and +40 mV. tails were measured on 
repolarization to -40 mV. Carreot-voltagc (I-V) relations (not 
shown) wsweonstructed for each of eight cells in the absenceand 
e of 5 mu 4-AF. Half-maximal activation voltages were 



obtained by fitting each J-Viektion with X modified Boltzmasn 



where /= Thxms tail amplitude following test potential V^J^is 
the maximal J <waa taQ current observed, thepotezttial at 
which 7»fCTG was half-roaxmially activated and k Is the elope ft ctor 
describing fe^s activatio n. 

Voltage-dependent activation carves for were obtained by 
calculatangsctivation variables arj mV intervals between and 
+40 mV. Value* for V n and i derived front fits to experimental ' 
2-y data with eon (3) were inserted into the following aquation: 



Activation paiajnc tea 



(4) 



where the 'activation parameter* at any test potential V m occurs 
within the range 0 to 1 and V H and i have similar meanings to 
• tho*em«in(J) f 

Envelope of tail* 

Prom -80 mV, membrane potential was stepped to +40 mV for 
varying time periods between 123 and 600ms and was 
repolarized to - 40 mV En order to monitor T )mG tail amplitude. 
After contrail measurements, each cell was equilibrated in 4-AP- 
containing solution while at tile holding potential and the 
protocol was then reappBed. For each cell, the fractional block of " 
/how* tails at each test pulse duration was ckfterraroed using 
eqa (1). The plot of mean fractional block versus test pulse 
duration was then fitted wi th an equation o f the form; 

I^ctios^blo<^-A~|Ae^-^|, (S) 

where A represents maximal fractional block, x represents pulse 
duration and r is the time constant of development of blockade 
(ms). 

Action potential voltage damp andmeasorcments from 
gttjfoea^igvctttricu^ 

Bar action potential clamp measurements of Jfamg from HEK 
cells, the command waveform usod was the same as that employed 
in previous studies of Ihbwj &om our laboratsay (Hancox ex al 

Action potentials were elicited from munea-pig ventricnlat 
myocytes by brief suprathreshold current pulses at 15 s intervals. 
For measuretn ents of guinea-pig It ta3s» membrane potential was 
held at -80 mV, depolarized to -40mV for 20ms, then 
depolarized to 4-20 mVfor 300 ms. 1^ tails were measured during 
subsequent repolarization to -40 mV. 
» Dauanalysiaandpreaentation 
Data are presented as means ± S.E.M. Statistical comparisons were 
made using Student's paired t test or one-way analyst* of variance 
(ANOVA) with a Bonferronipest hoc lest lvalues ofless than 0.05 
weretaken as significant. 
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RESULTS 



4-Am(nopyrid}nft blocks HEftG K* current 



Figure 1A shows that 4-AP produced a cottcentration- 
depcndent inhibition of Ira^s and Fig. 15 shows the mean 
concentration-response relationship for this effect The 
IQo derived from the data was 4.4 ±03 row (Hill 
coefficient 0.7 ± 0.1). The voltage dependence of the effect 
-was assessed by applying commands to a range of test 
potentials (Fig. lCi and Cti). No W G tail inhibition was 
evident after pre-pulses to -30 mV and -20 mV, whilst at 
more positive potential* marked inhibition of Wg was 
observed (fig. ICS and CB). Mean data are shown in 
Kg. 1A which also contains mean activation curves in 
control (continuous line) and 4-AP (dashed line). In the 
presence of 4-AP a leftward shift in .the half-maximal 
activation voltage <V«; by -7.4 ± 0,9 mV, « «* 8t 
J> < 0,0001, r test) was observed. The activation shift may 
account for the apparent augmentation/ lack of blockade 
ofby4-AP observed at -30 and -20 mV. The voltage range 
over which inhibition was voltage dependent corresponded 
with that over which voltage-dependent activation of Zhe&g 



developed (Mergenthaler ** di 2001; Paul ef nl 2001). 
Treatment with 5 niM 4-AP did not wgnificandy alter the 
mean deactivation time course of tails measured at - 
40 mV, following a voltage command to *30 mV. 

The dependence, of /jorg inhibition by 4-AP upon 
duration of depolarization was studied using an 'envelope 
of tails* protocol (Tmdean etal 1995) (see Fig. 7A and B). 
figure 2A shows representative current traces obtained in 
control (Pig. 2At) and in 4-AP (Fig. Mil); Fig. 2B shows a 
plot of the resulting mean levels of fractionalblo ck against 
pulse duration. The tune course of development of 
blockade was described by a mono^exponentis] curve that 
intersected the origin, with a time constant of ' 
32.3 ± 6.4 ms (n = S). Considered collectively with Fig. W 
these data demonstrate, that inhibition of J I£S a G by 4-AP 
require dunintl gating to occur. 

An additional protocol (see Fig; 34, lower trace) was 
employed to ascertain whether or not 4-AP showed a 
preference for activated or ^activated HERG channels. In 




Figure 1. Concentration and vc^ge-dependent Inhibition of ftm* by 4-AP 
A, upper U.K<* show representative current trace* ill ustrating the ef&dt of different concentration* of 4»AP. 
Lower uaee represent voltage protocol used. & concentration response rcbfc'txa for Jj to»tau bleekade by 4-AP 
(* - S-8 cell* *t each couamtottJon). C, representative iraordi in tfcc *b*aiix (G) andpresencc (CSi) of 5 mM 
4-AP. />, Ibe mem (± &&M.) fipacM onil bl a<± oUy^^bf 5 raw *-AP over a range ofpoScotwls (n = 8 odli). Jk»a 
activation curves arc shown in tbealwenc* (condnuoutlint) and prewnoe (dsshed lias) of $ roM 4-AP. 
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Flour* 2. Time tteotmltnc* of I*** block by 4-AP 

A k trace* from en 'envelope** tails* protoook in the ahteaee (A!) and pwsenee (411) of 5 om 4-AP. low 
tt*6fi* rtpre^atihe voltage protocol used. S, the maan (± asm*) fractional Mode of 7mm with varying pulse 
duration (» = 5 cell*) .The r foe development of inhibi lion w»32>3 ± 6.4 mi (n ~ 5). 




Waaau rwtowl point (Uroe in rae) 



figure 3. Effect of strong dapo lartsutjort on the action of 4-AP 

^, current necords (upper traces) ellckedhy the voltage protocol shown (lower trace), applied from a holding 
potential ntV. Arrows indicate a*ce* obtain cd in control and 4-AP. B, bar darts (* ** 5 cells) compare 
the wean level of blockade et WW aw into protocol (at +20 mV). at 4000 «a» (« +80 mV> wad at 9000 ms 
(after scjanhntac peten tlal wu returned to +20 mV)« 
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control solution* I xmQ amplitude decreased markedly 
during.* depolftnwtiou from +20 to +80 mV (F%. 3A, 
-upper traces, Control) as a consequence of increased / Jras0 
Inactivation. In the presence of 5 mM 4-AP, blockade of 
Jjraea at +20 mVwas greater tlwa thatat -f 80 mV (Etg. 3A, 
upper traces, 4-AP). Mean data shown in Kg. 3B indicate 
that blockade during Hie +80 rnV step ('4000 ms") was 
significantlx lower than that at +20 mV (UOOO na* and 
9000 ms'). Thus, when was reduced by extensive 
/teste inactivation the blocking effect of 4-AP was 
diminished- This observation suggests that 4-AP binds 
preferentially to activated over inactivated HERG 
channels. In further experiments we observed an 
acceleration of the rate of development of I tmt} 
inactivation by 4-AP (data not shown). This effect is tn 
marked contrast with tfcst reported for externally applied 
tcAraethyfaniraoniiim ions (TEA), which slow the 
distinctive, rapidly developing C-type mactivuion of 
(Smith ctaL 1996). This action of 4-AP could have resulted 
cither from agmuine modification of inactivation gating, 
or from the rapid development of open-channel block 
during the protocol used to study wactivarlon. 

The effect of 4-AJP on JWc, elicited by an applied 
ventricular action potential waveform was also 
determined (Fig. 4A). In control solution, J,^ amplitude 
increased progressively through the action potential 
plateau and was maximal near -30 mV (-30. 2 ± 3.4 mV; 
n m Si ct Hancox«ffll 1998a). Treatment with 5 mM 4-AP 
attenuated current throughout the action potential 
command, inhibiting maximal I JSSG by 58,5 ±4.1% 
(« » 5). Also, the voltage at which Jhjquj p eaked was shifted 
by -10.6 ± 4.1 mV, consistent with the voltage shift in 
current activation described in fig, i. These data suggest 
that 4-AP might increase the action potential duration in 
* native cardiac tissue through blockade of native 
independent of any inhibitory action on J^,. Therefore, 
we measured action potentials from guinea-pig 



ventricular myocytes, which lack hw (Corabbcuf «r al 
1998). 4-AP exerted little effect irnmediately after- the 
action potential peak, but the rimes toreachboth 50 % and- 
90 % repolarization (A?D M and APD Wl respectively) were 
significantly prolonged by 4-AP (Kg. 43% in control: mean " 
APDy, « 162.2 ± 12.2 msandAPD* » 184.3 ± 12.2 rasjin 
4-AP: APDia - 210.9 ± 14.6 ms and APD»= 243.1 + 
14.8 ms, »«8j i><0.01 and P< 0.001, respectively). In 
complementary voltage-clamp experiments, resurgent T K 
tails (sensitive to the JV, blocker E-4031) from guinea-pig 
myocytes were also inhibited by 4-AP (Kg. 4Q. • 

DISCUSSION 

The dependence of HER G blockade by 4-AP upon channel 
gating observed in this study differs from the mechanism 
underlying Its blockade of cardiac Jro.» which depends 
considerably upon the agent binding to the closed channel 
(Castle 8c Slawaky, 1993; Wang et al 1995). J 7oa from rat, 
rabbit and human have been, reported to be blocked by 
4-AP with TQo. values of 0.14 t 033 and 0,67 mM, 
respectively, whilst Kv4.3 current exhibits an IC» of 
L54 mM (Xuefai 1998j Paivre etal I999{tdet<rt 2000). 
Therefore, whilst 4-AP is clearly a low affinity HERG 
blocker, Its ICjo for I ir ^ inhibition falls within a 4-AP 
concentration range used to block r 70 , selectively in 
previous studies (typically 0.5-10 mM; Wang ti al 1991; 
Gffliser rtJL 1998; Blizaldcef al \<>9%U\cT<zL 2000;Kocice* 
at 2002). The fact that some level of Fx, blockade may also 
have occurred in such cxr*riments is supported by the 
present data from gumea*ptg myocytes, which lack Txojt> 
and by previous data regarding reduction of l K tails from 
rabbit nodal cells (Mftcheson & Haocox, 1999). On the 
basis of our findings, we conclude that miUimoiar 
concentrations of 4-AP can block Jmactfki and, thereby, 
prolong cardiac action potential repolarization 
independently of any action on I rw . In light of these 
observations, it may be necessary to consider carefully the 
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fiflur* 4. Effect of 4-AP undar action potantial conditions 

A. representative records aTW after P/4 leak subtraction, (upper trace*) acthraied by ventricular act! on 
potential command (lower trace), In control and in the presence of 5 vak 4-AP. B, effect of 5 mM 4-AP on 
station potcTih v JsfTQmKU''^-P'g«ntf]cdirra>xx.-)'tc5. C; effect of 4-AP on resur gent 7 C tails ffomii guiT>ca- 
pigventrkukr myocyte <upp« tnias;Tnv,Trtracc^oW33$ectioii of the vol'^g-s protocol A mean triliihitloii 
of7U ± 43 %vn* observed (««6). 
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inlcrpnctation of experiments in which mill imolar 4-AP 
has been used as a pharmacological tog] to Study cardiac 
JW m species that also exhibit Of course, in vitro data 
must only be extrapolated to the in vivo situation with 
caution and there is evidence that 4-AP infUdon regimens 
used tostudy the role off**, intfccdog(dclBalzo& Rosen, 
1992) may actually attain subm£limolar plasma levels 
(Nattcl et al 2000). Our data are concordant with the 
noUon thai micromolar 4-AP may justifiably be used to 
study Ik* in calls that exhibit/^ as comparatively little I K , 
blockade would be aqpected at the low concentration 
levels (e>g.Yue«rdL 1996) required to inhibit ^ 
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Targeted Replacement of Kvl.5 ia the Mouse Leads to Loss 
of the 4-Aminopyridiiie-Seiisitive Component of I^a™ and 
Resistance to Drug-Induced QT Prolongation 

Barry London* Weinong Guo, XLang-hua Pan, Joon 8. Lee, Vladimir Shustcrman, 
Christopher J, Rocco, Diomedes A. Logolhctis, Jeanne M. Nerboone, Joseph A. Hill 

^&a»**—Tue K* channel mRvI5 is thought to encode a 4-*irnnopyridine <4-AP>-sensitivc component of the current 
/i^*^ in Use mouse heart. Wcuscd gene targeting to replace mKvl.5 with the 4-AP^n&ensInve channel rKvl.l (SWAP 
mice) and directly test the role of Kvl 3 In the moose ventricle. Kvl.5 RNA and protein were, undetectable, rKvl.l was 
expressed, and Kv2„l protein was upregulated Jn homozygous SWAP hearts. The density of the IC* current 
{depolarizations to -f 40 mV, pA^pF) was similar la left ventricular myocytes Isolated fiom SWA* bonrozygotes (17±1, 
n«27) and Jittennato controls <lo±2, n~39)» The densities and propettics of and /„ were also unchanged. 

In homozygous SWAP myocytes, the S0-/unol/L 4-AP-6cositive component of was absent (n~6), tibte density of 
the 20-mmoI/L teti»e%l«nnioaiunvBensitive oomponent of was increased versus 5:fcl t J*<0.O5), and no 
l(h> to 200-nmohl, anlendroloxm-^ensitive current was found (&=$)♦ APA»'ia SWAP myocytes was similar to 
controls atteeclinc but did not prolong in response to 30 funol/L 4-AP. Similarly,, QTc (ms) was not prolonged in 
anesthetized SWAP mice (64 ±2, liomozygottE, n-9; 62 ±2, controls, n«>9), and injection with 4-AP prolonged QTc 
only, in controls (63 ±1, hornozygotes; 72±2, controls; P<O.Q5). SWAP mice had no increase in arrhythmias during 
ambulatory telemetry monitoring. Thus* Kvl ,5 encodes the 4AP-seasitive component ofl^** in the mouse ventricle 
and confers sensitivity to 4-AP-ioduced prolongation of APD and QTc Compensatory upreguistion of Kv2J may 
explain die phenotyplc differences between SWAP mice and the previously described transgenic mice expressing a 
truncated dominant-negative Kvl A construct, (Ck Res. 20«1 ;88;94f>W6.) 

Key Words* potassium channels ■ heart ■ genetically engineered mice 
■ drug-induced long-QT syndroms U arrhymmias 

Transgenic and fccnc^wgedbg teeluxriogies have led to mice with different mutations provides one medumissm to sort 

marked advance 3 in the uixlexs^Kling of the moltsrulw cut these interactions^ 

basis of cardiao repotafcanon in the mouse. 5 * Bomkani- We previously reported dnmlnantnegauv* transgenic mice 

negative transgenic mice overexpressing rounded KvIjc, tihst OveicApicaa inthohesrtaa N-tenmnalrjafpienrof the rat 

Kv2ji, Kv4jc, and HERG <* subimits have lets repolarf zing hrafe K + channel xKvl.1, haw QT prolongation, *wj lack a 

K + currnm, varying degrees of cardiac action, potential flg* (4- 

duration (APD) and QT i^lonsatioDL and ardrythniias^ In AP>*easihve X* current, in mehr venmcular myo- 



these experiments* the ttBGsgene may faieraot With several 



cytex, 3 * 15 These mice have bom spontaneous sad in&icible 
ventricular arrhythmias, attribufahle at least in pert to to- 



^f^^^^^^^^f^ ewasefl <&£*»L of ^lari«aon and n^*K*s be- 

on the <£*fe of thetansgme dss*^ and the tetafeonsbip ^^^^ the basWthe heart'*" Although these 

of nidlvidaalgeae^u^ ^ ^ levels of Kvl.5, the transgene 

Gene targeting of K + channels usrag embryonic stem (BS) ^ ^Ignrpt other cm^c K + idsanneU, including Kvl A 

cells circurnveuts several pf these difficulties by directiy . \ Kai shown to e«^/^. f ^Tb^ the r^ise role 

knoddug out a single gene product*- 1 * However, gene of the loss of Kvl.5 in the pathogenesis of the phenotype is 

targeting usually leads to loss of the gene in multiple organs uncertain. In addition, nothing is known about the relation- 

aiti throughout development and is stilt subject to compen- ship of Kvl.5 to Rribc, the subnnits responsible for the 

ssioiy npregulation of other genes. Gro^Twdmg lines of 4»AP-resiBtant eomponent of fx^,* . 

Otigkal mtivU Auga* II, 2000; revision rcorfvod April 3, 2001; »ccq>te£ April 3, 200L 
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Here wo report gene-targeted mice in which mKvl .5 is 
replaced by the 4-AP-inseasMve duuinel subunit rKvt A 
(SWA? mice), component of /j^^.Is 

absent in ventricular myocytes isolated from these animals, 
proving definitively that Kvl.5 underlies this current. Of 
note, total /Kjdrw is unchanged at least in part because of 
-the upregul*tio7> of the totraethytarnrnonmm (TEA)- 
sensitive component encoded by Kv2.I . As a result, SWAP 
mice have normal cellular APDs and QT Intervals on 
baseline electrocardiograms (EKOs) and resistance to 
drug-iiKhreed prolongation of APO and QT Intervals after 
exposure to 

Materials and Method* 

AH animal e^psrimems were improved by the Isftkutiocal Animal 
Care end Ufrc Corarnittcc* at the University of Pittsburgh or 
W&E&ctgton University School of Medicine. 

Gwt Targe ting 

The mouse Kvl.5 gene (jmKvJ.S) w« cloned (gesomic &V129 
lfbrtry t Siniagrr.c), iestrfctioi^maRpe4 asd ttcocnecd. A targeting 
construct vni engmecred using a 2-kb 5' arm oons&ting of fee 
promoter sndS'^tn insisted region ftTTR) of mKvl, 5. the rat JCvi.l 
K + channel (rKvl.1) taggsd with the y-amroo-edd bcnw$glutlaki 
tag (HA) and ekwed into the Srral site located «t poritkra —6 of 
mKvLS (retethm to iho A TO start oodan), a nwTr/pin rwiyomce 
castette (Neoj,*:3-kb 3' ami c&rticg at the Xbal attain iho 3'-UTR 
Of mKvl J, tod the thymidine kinase gene (TK) for negative 
Ml*etItHl (Figure I A). Homologous recombination with tbh Wn> 
J tract should ylddiKvl. I driven by the mKvl .5 promoter, although 
tha effect of the Nea* cassette ii unknown, and any 3' regulatory 
dements may lie lost 

EiaetropoiaTicn of ES cells, kbntifletn'oti of ES sell lines hat- 
erczygous for the targeted allele; bfeatecyst injection to obtain 
cbinwsas, tad mating with C57BU6 mice to obtain gemHteo 
tniiHnission and mice fcctm^zy^-o^ foe the (ai^cd (SWAP 
faettrosycotes) were eooe a» previously deasribadv* Mice were 
U*iccro6S«] into the C57B1/6 }*x; two addfirio^aJ generation*. Male 
and female SWAP heterozygoses we*e then ratted to yield the 2- to 
7-monuVoid SWAP bwoGxyfjotr*, SWAP netercaygetes, and wi Id- 
type lHtorm»$e centals used in the •ub»«£ue& expedmeeuu AH mice 
were gsnofyped using genomic Southern bic*s. 

Eledrophvsiqlogy 

The coding region of mKvl. 5 was cloned fete the blgh-tai*esaten 
oocyte vesror pGHI9K after addition of a Koiak coram** *y 
quenoeu- The HA epitope w** added to the 3' end ofrKvl.l by 
poiyrawssc chain re»stiEoa (PGR) (rKvl.l-HA). Channel pwp«rtie» 
were tested in Xatopu* oocytes injected wHh in vitro transcribed 
cENA (50 ng/00cyU5) uung the 2-rnkxoefactrodc vohaes-cJsmp 
technique as previously dtesribsd." 

Single ventricular myocytes were iasolwed either from the entire 
left vemrklo or stpasately from the left vmtr»au!ar ^ot and ecptuin. 
«k! wittfe-cCU VOK*«£- and current -«lttnp gushe; wese pct-fumicd at 
rcom teaiparatuix! er 3S°C using a Pagan 39GOA (Dsg*n Cotporra* 
U'on) or an Aftcpateh-iP (Axdq Icttzvmcsts) psttcfa-cftmp amplifier 
tnicrt*sod to a microc^r^ier equipped* wtth a DigidaUi 1200 Series 
anatog4od?ghal btstface aed pC&krnp 7 sofrware (Axon mstru* 
meroa). 9 - 70 Mem brine eapaeharjee aad aariwt raitjstanca we«s eonw 
perj«*tedc3wtiocue*iiy (>«5%). Voltage error* were <6 rrtV and not 
corrected. Only data from cells with input iwlrtenoea >0.7 Oft were 



EKGs and Ambulatory Telemetry 

Three lead BKGft (kadc I, II, and AP) were performed on rciee 
2ius*ihe&*d whh avcrtin (0J'mg/k.g) using iut**5aneaus eketfodc^ 
a cSffsromtial amplitkr (Warner DP30I), and an acaJog-to-digiul 



cenverter (MasLah, ADlostmraonts). Sigsala were digitized at t kHz 
tnd stored on compoter. QT id ervaJ (ms) w« deJenrkined ai the time . 
to 95% return to eaaeune ay an individtal Winded to genotype mi 
eooected for heart rate wing the formula QTc^QT^V Rlt/l«J). J ^ 
At least 6 day* after nrtplantaHon of the telemetry device 
(TA10BTA-P20, Data Selenees), 24-hour amhulatery EKG rooard- 
ings were perfeaned (Sgidzed at 400 Hz, teonod on dialc. and 
*3*)yzed by band for axmythmisw and usa^ custom aoflware 
designed to A-icmJne heart rate sxA heart mte vidaWhty. 

Data Analysis 

Vohagenclarap data were analyzed using damp fit 6,03 (Axon 
Instrument*), and current dentftSea, notraaHzed for call capacKaace 
(pA/pF). we reported. The naipli ludca of the' Tf^, T^ft^* *»4 / a 
were deterssined by fitting toe decay phase of the outward K.* 
cur reals to Ihe sum of two or three e?poi2Cfina!(» as described 
previousfy**J-uo Correlatksa coef^ciants were determined and die 
X* iaA ws« u«>d to th« qusliiy of Ok fits. The assgjlitudes of 
the dtug-*sositivc cmnnit* wcto obtBiaed hy offline digital rubtrac- 
tion of the records obtained before and after drug application. All 
data are prcfcnted a» meaa±SEM. StetiBtical »%nificance was 
detetrohsed uilng-cne-way ANOVA followed by Sfudsfti-Net&nin- 
Keuls test lor con^risoo between groups or Student's t test with 
correction for niuldpte eeittparisoas J with P<0.05 defined as 
rigafficaat. 

Results 

Expression of mKvJJ5 and rXvl.l-HA In Vitro 
In vitro transcribed cRNA from r^KvlS yielded delayed 
rectifier currents with minimal inactivation (Figure IB). 
Steady-state inaotivarJon curves (generated in 50 mmoI/L 
rubidium chloride tVora isochronal tail current mca^rrcmcnts) 
gave a total gating valance (z»4.6±0. 1 »~) and a voltage of 
10% activation (V lMt «-32±^ mV) (n=6). This gating 
valence is 23% low aad V [D% is shifted 20 mV to the right 
ccxnpared with rKvt.I (P<0.01). 

Adatt3enofQ»9-aauiKW^dIM^^ did not 

affect the currcotis .when utfected fete Xanopv* ooeyhBS, We 
subclooed rKvl.l-HA into the rxokaryrjtk/ail^otc vector 
pBK-CMV (Stratageoe, California) and tranxfected the con- 
struct into COS cells. The HA epitope was easily detected 
using monoclonal antibodies both on Western blots and by 
imrnmonuorescerice (data not shown). 

Properties of SWAP Miee 

Two lines of targeted ES cells were identified (SWAPLT? 
and SWAPW6; Figure IC). AdcGtkmai msertioa sites of the 
rKvl.l transgene were excluded by genomks Southern blot 
using a probe within the teansgene. The targeted band in the 
SWAFL46 ES line was reptoductbly w«ak» than the native 
band» suggesting that the targeted allele was less abundant 
This could result from either a mixed population of ES cells 
or a degree of aneoploidy. Doth ES lines underwent germ-line 
transmission, however* and heterozygotes had one copy of 
each allele in equal abundance. Experimental results were 
confirmed on both lines of mice. 

SWAP homo zygotes from both lines appeared pheoorypi- 
cally normali and there was no evidence of increased mortal- 
ity. Hearts were not rrypcrnxjphied, and histology of the he&ts 
wa* normal (data not so own). No overt tieurologicxl plieno- 
type was e\"i(knt in the mice! 
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Figure 1. Targeted replacement of inKvl.5 by rKvl.1 . A, Schematic representation of the mouse Kvl.5 genomic done (top) and the 
ta^ettng cenMuct<bon»rO. the codir-g redone of Kvl.5 and Kel.1 ewkibrted.andtrwNisv^r Mack 8rw k*floate* the umjeneietad 
regions of Kv1,B $ r »UlB and 3'4JTR). HEO and TK represent the neomycin ancestfe and the thymidine Wraae caeeetta, 

re*p*sSv»ty, B* expression of rKvl.1 and mKvi J$ kxXmncpus oocyte* 100-m* depotesrtdng stepe to the voftage Indicated warn uced. 
C r Genoa*? Southern btot* of Bg1ll<dlgest»d DNA from 3 NEO end TK-reetatant eel Ine* <iop left) end from mousa tete (top rtgbtj* A 
e=b«7^diaerem band ste*s sr>d fc**8cn of tiw probew is aJiown below. Probe A (A*3 was used far the Wert 

shown. Note that onV Knee 177 and U6 underwent targeting evarte and that the targeted aJMe for the Lt« ceil ine appears (ess abun- 
dant than the wild-type «Mt (»ee ta*s^ Mouee taJf DMA for the L77 Kne cornea from an F« ofo» of 2 hefeBrosyootos, wr*s**as the taf 
DNA ter the L46 Dne comes from the Pi and p» offspring. O r Northern Wot anaJyeie vrtth 25 pg/lan* of total RNA from the hwit and 
brain of a wad-type mxmWt)**** aSWAP homdzyyota (SW} probed with cCNA laments from the N»tBrrnjnai pat .of the Kv1.s 
coding region (Wft ttw Ktfl.1 coding regton trnWdie), and the 3* end of Kv2.1 ln^ Arrow* point to native Kvljre^reestortaad to 
rKv1 .1 tmasgono espresakai, where** the arrowhead points to expression of the native mKvi .1 gene. Note that feint expreoefcxi of 
mKvl.1 te preeent ii the wtiote-bestrt RMA; thi« may rep«?«ent Kvi.1 In ceta other than rnyocytec. Re«i<ti were repeated using at »es*t 
3 mice from each One. To correct tor leading during CH^mftatJva n^eaauremenfo. Kv2.1 e^a.^ v^vc motsurcd on a Phoephodmegor 
andrKmriiwfeedtoh^ 

ctonat antWCvt j6 antibody (Upe^e Blo^aehnotos* New YorK NY), an antibody to the HA epitope {irttj-HA, SJyma hrmjrwchwnlce^ 
St Louis, Mo), and an anti-Kv2,1 antibody (Aiomone laboratories, Jenisfltom. ietatQ on crude membrane praparetions (1 00 to KM mo 
cf prots{r^»n«) from haart» end br**» of a v^c! type mlc*, SWAP honozygK^?*;, a l >d cuftursd rat neonafciJ cardiac myocytes tr*r*v 
feeted wfth either en eanpty pfasmid (-) or a construct containing iKvt.1-HA driven by the ft-myoein heavy chain promoter Wen- 
«cal teeMta were obtabied oh hearts from both Snea of mice. Arrowt indicate the bend* tpecJficfer Kvl.5, Kv1.1«HA, end Kv2.% 
whereas asterisks todfoge nOHcpectflc bandar Equal protein loading from fettde eempiee b confirmed by Cocmswete biue~etalned gele. 
F, rt-PCR on cDNA *rom Mt of wUd«type mice, SWAP heteraeygotee (SW-Hetj, and SWAP rwiTK»cygotes (SW-Hom), PGR wee per. 
formed using a sewe primer In meS'-UIH of Kvl^ end an antieense primer in IheeodtnB region of Kv1;1, followed by Southern trane- 
fer of the products and probing with a radiolabeled olfcrjmjeteotlde, In the S'-UTfl of Kvl^u Parallel reactions were performad In the 
absence of RT to exclude genomio oorrtan^netlon. Note that ortfy Kv1,1 expreeeJon drtven by the tranegene wokU ba deteded by this 



K + Channel Expression ia SWAP Mice deteoed a specific bsmd at ~$2 kDa in the heartsof SWAP mice 

Kvl^ RNA end protein "wem afcocct ia hearts firom SWAP flatww idaticel in size to the bmd produced by traosftccjrjg ral 

hrawizygxcs (Figures ID and 1H). KV1J RNA was dctoctedin neoeastal cen&o myocytes fKvl.l-HA (Figure IE). We i5d 

SWAP bpmo^otcs by Nortbcss blot (KgMW ID), and ievene notdeJ^iJtvU^pm^ 

ti«isorrp^(R1>pCRw^ T^tocc^ protein ws« quae? abundant and luot at «72 a? iteviowfly 

1ia«^flf%TCl>^.U^Bn&od^a tksafced (tkm rwr. sbwn)." 
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Fjgura 2. Volt*£e-$at©d eotwajd K 4 currants from Wt ventricu- 
lar myocyte© teolstod from wWd-type and hornaryaous SWAP 
nraoo appear similar. From ahoMtng potential of -70 mV, cur- 
w^v^^^ug}f>o4-«©cood<J*polarizlr)3 pules* to poten- 
Bale between r 20 and +40 mV present** « 10-**accxJ intor- 
was*. Curiam raecrdioas from the cam* eeik atbodi26'C and 
35'C ara UHistrsrtsd. Not* tn*t me lAACth/*^ tA Ihfl outward 
currants to eweJenrfcid el 33*C, 

Kv2.J RNA expression w&s not significantly changed in 
homozygous SWAP compared with control ventricles 
(0.95±OJ4, tack; Figure ID), out Kv2.1 protein was 
increased by Western blot analysis (n«3 each; Figure IE). 

K* Current Densities Are Unchanged in 
SWA* Myocytes 

Figure 2 shows representative currants from voltegc-clnmpedL 
randomly dispersed* left ventricular myocytes isolated from 
SWAP bewnozyaotes and Wild-typo controls obtained wing 
4-sccond depolarizing step? from a holding potential of —70 
mV to potentials between -20 and +40 rnVl Ne" difference* 
are apparent in the arnplhodes or inacti Viiion ndea at either 
25°C or 35°C. The mean±$EM peak outward K* current 
densities at +40 mV at 25°C were 46A2 pA/pF in octte 
isolated from SWAP homozygous (n=27), 45±2.pAVpF in 
cells from SWAP beterojrygotwj (n^B), and 47±3 pAV^F in 
cells • from tttterreale controls (o « 1 9). 

The decay phases of the outward cwrrcote recorded from 
these left veatricul sr myocytes were well.fi tted by the sum of 
2 exponentials, consistent with the expression of /«* 
and the steady-stele nonh»ctivanjig current /jb,'- 20 The den- 
sity of /xa, (at +40 mV) was similar for cell* from SWAP 
feomozygoles (17±1 .pA/pF; 0*27), SWAP heienraygotes 
(14 ±2 pA/pF; n-B). sod controls (!6±2 pA^pF; 0=19). In 
addition, the decay time constants for (at +40 mV) ware 
m distinguishable for cells isolated from SWAP homozygotes 
(12S9±51 ms; n=27), SWAP betercwygotes (11772:82 ms; 
n*8), and controls (I270±4S ms; n= 19), 

Similar experiments were performed on cells isolated 
separately from eitfeer the left ventricular apex or septum of 
SWAP mice. The mean±SEM peak, outward K* current 
densities In the left vernacular apex <n»14) acd septum 
(n«8) were 60±fr and 79±S pA/pF, respectively. These 
values, as well as the densities of I» fi l*jm* and /», are. 
iodMngukhablc from those measured in wild-type apex and 
septal cells.'*"'* 0 In addition, analysis of the currents In septal 




Figure- 3, Tn* +AP-*eostth>e competent of Js ate*** end 
tho TEA-acmJavQ ccmponerrt of taw. Is upregiftated tr> myo- 
cyte* from SWAP homorycote* A Outward currents of myo- 
cyta» teotetod from wltd-typa end hcHrwsrypou* SWAP mice 
baton* (bUck) and after (rod] ijpplcafon ot 50 iiirvUL 4-AP. 
Cats war* o^poJarlzed from the bofoiop; potential of —70 mV to 
petwven -30 and +30 mV In 20-mV step* at 25*C. Not* shat 
the 4-AP-asnsittva ccmpco*nt of ^« fc abearrt In myocyt** 
from homoaysotia SWAP mtae and that the rwaWusf rapidly 
Inectivating etimxit rep reserve U*s rrtsfl fns*£on of ^ t>k>c*od 
by the low coocefltraocnof 4-AP. B, Outward K* curraefta 
before and after appaosrSon of 20 mmoI/L TEA. Ttw TEA- 
sanfitiva cornnonant of Ji^m Is Increased hi the myocytes from 
Kv1~54ar0e(9d SWAP rrft*. 

cells isolated from SWAP mice revested that tfie jrneen^SEM 
dfipaity (&2±0.8 pA/pF) and inaotivaUon time constant 
(*W*1 W£ 2 1 ms) are notsigDificantly diflerent from those 
determined for in wild-type cells.'- 14 - 30 These results are 
consislcet with previous findings demoti&traring mat Kvl.4 
underlies and does not oonhibute to /k^,. Tbey also 
suggest that KvIjS and Kvl.4 do not eoassembta to form 
functional betcrcrmUtimcric voltage-gated K + channels in 
mouse ventricular myocytes. 

. 4-AP-SemlU ve Component of I*** Is Absent in 
SWAT Myocytes 

After exposure to 50 pmol/L 4-AP, wild-type myocytes 
Eh owed a marked decrease in Jk**~ (Figure 3 AX as has been 




Figure 4. Action potentate In myocytes isolated from SWAP 
homozyfiotea are notprotonged byJow ooncentrabooa of 4-AR. 
in tna curwrt-elanip mode, action potentiate wens evokad by 
3-ms auprathTjcbo'd airrer.t ^r^cooos at a rate of 1 H*. R»- 
cordinss obtained at 25«C be*w (aotld irw) and attar (deetwd 
line) epprioatio n of 3Q pmcM. 4-AP are auperfmpeswd- 
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shown in previous studios. 5 **.*;** This low eot*e*nttau"on of 
4-AP also blocied A*r by *~20K en obsemaon also consis- 
tent with previous studies,** The SO-MmoML 4-AP-saaisitivB 
component of however, was completely absent in 
myocytes isolated from SWAP homozygotes (n*>6). This 
provide strong evidence that Kvl.5 encodes ho a svftranit 
riecessary for tins current. In contrast, the component of 
sensitive to 20 miuul/L TEA (at +40 roY; Figure 3B) was 
increased in myocytes from SWAP iwnwzygotes (9±1 pA/ 
pp t n»«*ll) compared with controls (5±i pA/pF, n«6*; 
/»<0.0S>. At this coroseijrmnoa, TEA partially Mocks fee 
component of encoded by KvZl channels.^ Together 
with tbe Wetfemblot data (Figure IE), these findings sugg&st 
that fun ctioaal Kv2. 1 channels are upregulated m response to 
fee loss of Kvl.5. 

We ware unable to idcattfy any currents in myocytes from 
either wild-type or SWAP mice that were sensitive to 100 to 
200 nrooWL K-deetrotoxin (DTX, n==8). Because KvKl Is 
highly positive to DTX, this suggest that functional Kvl.l 
I at significant levels in SWAP 



Action Potential! in SWAP Myocyte* Arc 
Insensitive to 4-AP 

APD te values determined at I -Hz siimulaiion wens ahnilar in 
enrrent-c lamped myocytes isolated from SWAP homozy- 
gotes (35±2ms, »«8, at 25«C; 27±3 ins, n«7, at 35*C) and 
wild-typo controls (36±3 ros, n«1©; at 25*C; 25±1 ms, 
a» 13; J^NS). As previously reported, wild-type myocytes 
show maifced APD prolongation in response to tow concen- 
trations of 4-AP (Figure As predicted from the 
voltage-damp studies* myocytes from SWAP mice were 
insensitive to 30 ymolfL, 4-AP (n^3). 

QT Interval in SWAP Mice la Insensitive to 4-AP 

The effect* of 4-AP on QT intervals are shown in Figure 5. 
Baaelme QT interval and QTc were not prolonged in anes- 
thetized homozygous SWAP mice compared with sge- and 
strain-matched controls {QTc: 64±2 ms, homoaygotes, u»9; 
60±2 ras, heterozygobs, o»-4; 62±2 ms, controls, n~9). 
tojection with 4-AP (10 M^oUkg prolonged QTc in 
controls but not in SWAP homozygotes (63 ±1 ms, homozy- 
gous; 66 ±2 ms, beterozygotes; 72 ±2 ms, controls; P<0.05), 
The hciCTOoygcrtes had m intermediate degree of QTc pro- 
longation when injected with 4-AP. Injection with 4-AP did 
not induce scrihymmias In either control or SWAP mice. Heart 
rate was not significantly changed in anesthetized SWAP 
boraozygctes compered with controls, and injection with 
saline had no effect on QTc {dais not shown). 

SWAP Mice Have No Increase in Arrhythmias 
Mean heart rate, measured using ambulatory telemetry mon- 
itors m imsnestheii2ed mi tethered mice, was similar in SWAP 
homozygotes compered with I i Herniate controls (610 versus 
622 bpm, n»3 each). Standard deviation of cycle length over 
24 hours, at gross measure of heart rate variability, was also 
similar in these mice (114:1 versus 102:7 ms). In addition, 
SWAP homozygotes had no increase compared with Utter* 
mats controls {n=^eech) in the frequency of premature atrial 



SWAP (+ +-AP) 



* ♦ 



wet 



rlriri 



Figure & Hemozygoua SWAP mtoe are resistant to 4-AP4n- 
ducad Of nrolenaanon. A HKG treeinoj* using an artarepoafts- 
rter toad trom wiW-typo {toftj and bomozyoous SWAP (right) 

tfc«M»s*}end 15 mtrarts* after (red) Irfeclton u*h ID 

1 Records arestonal averages of 5 coneeo 



trec!o$rt> during a. period wtm no heart rate variation* Tbe antsre- 
posterior teed was chosen because of the monophaaie nature of 
the ST segment Si thta toad. Arrowhead* show the point erf 8596 
return to baaeVna, B. OTc before and after ir^oefcon with 4-AP. 
QTb is strWar in aft mice before 4-AP iniectiortt^proJotiaeonty 
In wOd-typainlce. hetero Indicates SWAP hetatcgyfl o te a; homo, 
SWAP tionvreygotes, V*<0jQ5 for 4-AF-treated \ 
centered with before trei«msrter^4-AP^eitted 
iwrecwypotsw- 

complenes (1 1 ±3 versus 9 ±6 per day), ptamaiure ventricular 
cornplexes (5±i versus 5± 2 per day), or episodes of second* 
degree atnovenlricular block (ISA 10 versus 22 ±5 per day). 
During the l»2 hours of telemetry screenod, one SWAP 
homozygote had an atrial couplet and a ventricular triplet, 
whereas one control mouse had a ventricular couplet 

Discussion 

Kvl.5 Encodes the 4-AP-Sensitrve Component 
of /joi^ 

The mouse cardiac K + channel sflbumt rnKvl.5 encodes * 
rapidly activating, very slowly ineelfvstmg current when 
heterologous ly expressed in Xenopus ooc>-tes (Figure IB). 
Similar KvlJS channel subunrts have been cloned from rat' 
slid human and are highly sensitive to 4-AP and resistant to 
TOA>*a5 Qq tlie basis of these phartuaco!pgic*J and idnedc 
characteristics, Kvl.5 channels were proposed as the molec- 
ular beas for I Kw in human atrium and A^*- hi mouse 
v^itncie. 2 *- 2 ' Antisense experiments in cultured heart ecus 
have provided direct expermiemal evidence that Kvl Jf con- 
i to 1^ in ret and unman. 8 *-* 9 



We previously used a c^jmlnant-negativc transgenic strat- 
egy to disrupt chancels of the Kvljt.ftmih/ in the been, 
leading to a mouse that lades the 4-AP~setudtive component 
of /■c^ir«*'* jr These mice have decreased protein levels of 
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Kvl.S, probably because of increased degradation. The fraas- 
gene does, however, affect other dwsmek, and these caperi* 
moots do Dot complestly prove the rcuuicaalup between 
niKvL5 sod Ik+~~ Itt the present study, we b&vo used gene 
tergedng to selectively eliminate mKvl.5 and showed the 
selective loss of the 4-AP-ssstsitive portion of We 
chose the strategy to replace Kvl.5 with the pbamiaoologi- 
cally different channel Kvf .1 with the intention, of minimiz- 
ing other potential change*. The fin dings presented here 
definitively Ibfc Kvl.5 to a component of Z,^ in the mouse 
ventricle. 

Ectopic Expression of Kvl.I is the Hearts of 
SWAP Mke 

Kvl.I inHNA sod protein am expensed "m die hearts of 
transgenic SWAP miee under the control of the Kvl.5 
promoter. '(Figures ID through IF), We were not able to 
detect any £TX-sensitive currents, however. This suggcrtfl 
that very few fuoctkmal Kvl.I channels are pfesent on the 
extracellular membranes of mouse ventricular myocytes and 
thai the mouse Is fincttaoally acting as a KvIJS knockout, 
although we cannot fully exclude the possibility that hetero- 
muMmenc channels contsdning Kvl.I are not DTX-sensitive. 
The smaller size of therKvl.l protein expressed to. the mouse 
heart (6*2 kDa) conspared with native oiKvl.J In the brain (72 
kDa) points to timw-speeirlc dmrenccs in |Hwttr«nsktional 
processing.^ Recent studies have lughb'ghicd the importance 
of helper proteins and 0 subunUs to transporting K + chaaneb 
to the surface 'membrane. 3 *;" Kvl.I is not normally expressed 
at high levels in the heart (Figure ID), and the mechanism to 
process and successfully insert physiological levels of ex- 
pressed channels into the surfisce membrane may be absent 

KvZ.J Upregulatfon Compensates for the Loss of 
KvIwS In the Hearts of SWAP Mice 
Despite the loss of the 50 wmol/L 4- AP component oiI tjLrm 
in myocytes isolated from SWAP mice, mere was no deeresae 
in the overall density of or of the total outward current 
compared with controls, SWAP inyocytes had an increased 
density of the 20 mrool/L TEA«sensidve component of 
and Western blots showed Increased Kv2.1 protein hi SWAP 
hearts. Kv2.1 a suhumta produce slowly activating, slowly 
inactivating, or noninactivmdng K* currents when expressed 
hetefplogeusSy in tissue culture, and antibodies to Kv2.1 
block currents of this type in hrppoessnpal.rjeuroc& 33 Previ- 
ous studies have shown that the TEAHFeashive coosponeut of 
the rapidly activating, slowly inactivaimg cardiac current 
Juivw is selectively elumnated m trausgetiic mice ovensxpress- 
ing the dominant-negative Kv2.IN216FUg construct in the 
heart. 4 Taken together, these data suggest mat upregulauon of 
Kv2.1 is one compensatory mechanism for the loss of Kvl S 
in the ventricles of the SWAP mice. We cannot be certain that 
the entire competition in J r .^ is attributable toupregulauan 
of Kv2.l. In addition, the dhTeeences in the time- and 
voltage -dependent properties of Kv2J between tissue culture 
calls, Wppocsmpul neurons, and cardiac myocytes likely 
reflect diflfcieuces in accessory subonits or posttr^laikmal 



Kv2J KNA levels are not changed in the SWAP mice* 
whereas protein levels are increased. The mechanism by 
which the loss of Kvl.5 leads to posunmwzrptioBal trpregu- 
hrtioa of Kv2.l is unknown. The feedback could be based on 
lite action potential shape and ionic currents. Alternatively, 
proteins that bind to the ion channel subunlts could directly 
mitigate subunit processing, transport to the membrane, or 
inability. 

Difference Between D*oiin a ut~N egalive Transgenic 
tied Gene-Targeted Mice 

Both KvIjc dcanlnant-negative transgenic and Kvl.S ho- 
mozygous SWAP mice lack the 4-AP-sensHive component 
of Jkjto., 3 '" The Kvl jc dorates^-negsaive transgenic mice 
have t^r prolongation and arrnythiidasvM*-" In mis study, 
we show that targeted nrice lacking mKvLS have no QT 
wlervai prolongation and no arrhythmias, hi fact, these mice 
are resistant to QT prolongation on exposure to the Kvl.5- 
btoeking agent 4-AP. Likely esphujattons for the dirteoces 
include both the effect of the Kvl jc tnmsgene on other 
cardiac K* channels known to be important for repolariza- 
tion, such as Kvl.4,**» and coropecsatory regulation of 
other K* channels, such «# Kv2J> in the SWAP rnous*. 
Clearly, las* of Kvl, 5 alone is insuffickat to lend to a highly 
anirymmogenic phototype. These findings highlight the Jjfect 
that transgenic and gene-targeting techniques give different 
and complementary information on the role of ion channels in 
cardiac function. 

Additional study of both models* along with mating, of 
different strains to form double mutants, should lead to both 
a better ur.£k*vt»nding of the role of individual genes hi 
repolarization and susceptibility to annytfamias and to in- 
sights into the mechanisms by which K + ehsBuel gene 
expression is regulated in vivo in the heart 
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This Review is part of a thematic series on Unanswered Questions in Heart Failure, which includes the following 
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Is Abnormal Cell Growth and Hypertrophy the Cause of Heart Failure? 

Does Energy Starvation Cause Heart Failure? 

What Mechanisms Underlie Diastolic Dysfunction in Heart Failure? 



Steven Houser, Guest Editor 



What Is the Role of jS-Adrenergic Signaling in 

Heart FaOure? 

Martin J. Lohse, Stefan Engeihardt, Thomas Eschenhagen 

Abstract— This review addresses open questions about the rote of /3-adrenergic receptors in cardiac function and failure. 
Cardiomyocytes express ail three ^-adrenergic receptor subtypes— ft, ft, and, at least in some species, ft. The ft 
subtype is the most prominent one and is mainly responsible for positive chronotropic and inotropic effects of 
catecholamines. The ft subtype also increases cardiac function, but its ability to activate nonclassical signaling 
pathways suggests a function distinct from the ft subtype. In heart failure, the sympathetic system is activated, cardiac 
ftreceptor number and function are decreased, and downstream mechanisms are altered. However, in spite of a wealth 
of data, we still do not know whether and to what extent these alterations are adaptive/protective or detrimental, or both. 
Clinically, ftadrenergic antagonists represent the most important advance in heart failure therapy, but it is still debated 
whether they act by blocking or by resensitizing the ftadrenergic receptor system. Newer experimental therapeutic 
strategies aim at the receptor desensitization machinery and at downstream signaling steps. (Circ Res. 2003;93:896- 

Key Words: ftadrenergic receptors ■ G proteins ■ transgenic mice tt cardiac hypertrophy a apoptosis 



The human heart expresses ft- and ft~adrenergic recep- 
tors at a ratio of about 70:30; both subtypes increase 
cardiac frequency and contractility. 1 - 2 In addition, ft- 
receptors have been described to mediate negative inotropic 
effects, 3 but their role remains uncertain. 4 Ail three subtypes 
appear to occur in cardiomyocytes, but they seem to possess 
distinct intracellular signaling and functional properties. 5 * 6 

Two well-established lines of evidence suggest that the 
ftadrenergic receptor system plays a major role in heart 
failure. First, there is a pronounced activation of the sympa- 
thetic system in patients with heart failure that is inversely 
correlated with survival, 7 Second, cardiac ftreceptors, in 
particular the ft subtype, are downregulated in heart fail- 



ure, 18 and the remaining receptors are uncoupled from G„ 
presumably via increased activity of the receptor kinases 
GRK2 and/or GRK5. 9 ~ n Furthermore, an increase in G« $ 
subunits antagonizes ftadrenergic signaling. 12 *- 14 Clinically, 
the use of ftreceptor antagonists in heart failure, pioneered in 
the 1970s, 15 is now standard treatment. J6 ~ IS> 

In spite of these major advances, many fundamental 
questions have remained unanswered. Why does the heart 
express three different ftreceptors and what are the differ- 
ences between the subtypes? Are the alterations of the 
ftreceptors in heart failure detrimental or beneficial? Does 
the ftreceptor system contribute to the pathogenesis of heart 
failure? And why are ftbiockers effective in the treatment of 
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heart failure? This review will attempt to elucidate open 
questions in understanding myocardial j3-adrenergic signal- 
ing with respect to its role in cardiac hypertrophy and failure. 

^-Adrenergic Receptor Subtypes and 
Their Signaling 

/^-Adrenergic Receptors in the Heart 

The classical subdivision of ^-receptors defines the j3j sub- 
type as the one that stimulates cardiac muscle, and the 0 2 
subtype that relaxes smooth muscle. 20 Both receptors couple 
to G» and thereby elevate cAMP, but distinct downstream 
signaling decreases contractility in smooth muscle cells and 
increases it in cardiomyocytes. However, the /3 r receptor 
contributes to relaxation of blood vessels 21 and the ftr 
receptor to cardiac contractility. 2 Even though the predomi- 
nant cardiac 0i subtype («*»70% to 80% depending on species) 
is the strongest stimulus for cardiac function, the expression 
levels are quite small: no more than 50 to 70 fmol/mg 
membrane protein in most species. Therefore, there is little 
receptor reserve. 

Expression of the /3 5 subtype is essentially limited to 
adipose tissue, 22 but several groups have reported ft-receptor 
effects and mRNA in human, guinea pig, and canine heart 
and cardiomyocytes. 3 - 23 - 24 However, in contrast to its G 8 - 
mediated signaling in adipose tissue, these reports suggest 
coupling to a nonclassical Gj/nitric oxide pathway mediating 
negative inotropic effects. In mice, cardiac-specific overex- 
pression of ft-receptors enhanced cardiac contractility, 25 and 
experiments with /V/3 2 knockout mice provided no or very 
modest ft-receptor effects. 4 ' 26 - 27 Thus, the importance of this 
subtype remains to be defined. 

A fourth receptor subtype, j3 4 , had been postulated to 
mediate cardiostimulatory effects of the antagonist 
CGP12177. However, studies with 0 r and j3 r receptor 
knockout mice have led to the conclusion that the /3 4 effects 
are mediated by the ft-receptor. 28 ' 29 

/3-Receptors occur also on nonmyocyte cells in the heart, 
and these cells can — eg, by paracrine effects — affect cardio- 
myocyte function and fate. The communication between 
these cells will constitute a major research topic. 

/3-Adrenergic Receptor Signaling 

Why should the heart express several different subtypes of 

/3-adrenergic receptors? Evidence has been accumulating that 

subtype differences are important for cardiac function and 

failure. 

First, the three receptor subtypes have different affinities 
for their ligands (Figure I). Second, there is increasing 
evidence for specific subcellular localizations and distinct 
signaling pathways. The basic hypothesis is that spatial 
segregation of receptors allows their association with other — 
equally segregated — proteins to form "signalosomes" that 
mediate subtype-specific responses. 

Signaling by cardiac /3-receptors has been studied in great 
detail (Figures 1 and 2). The classical common pathway is 
activation of adenylyl cyclases via G a , resulting in increased 
cAMP levels. The primary target for cAMP is protein kinase 
A (PKA). PKA phosphorylates several proteins that are 
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Figure 1. Agonist activation and coupling/signaling properties of 
/3-adrenergic receptor subtypes. GRK Indicates Q protein-cou- 
pled receptor kinase; /3Anr, p-anrestin; PDE, phosphodiesterase; 
PI3K, phosphatidyllnosltol 3-ktnase; and AC, adenylyl cyclase. 
Data from Hoffmann et a!."* 



essential for cardiac function: L-type calcium channels, 3031 
phospholamban, 32 troponin I, 33 ryanodine receptors 34 myosin 
binding protein-C (MyBP-C), 33 and protein phosphatase in- 
hibitor- 1. 36 This affects cardiomyocyte contractile behavior 
by increasing Ca 2+ influx (L-type channel), increasing Ca 2+ 
reuptake into the sarcoplasmic reticulum (phospholamban/ 
SERCA), and modulating myofilament Ca 2 * sensitivity (tro- 
ponin I, MyBP-C). Another target of cAMP are cAMP-gated 
HCN pacemaker channels 37 




Figure 2. Calcium cycling In cardiac myocytes and regulation by 
PKA. AC indicates adenylyl cyclase; RyR, ryanodine receptor, 
PIB, phospholamban; SERCA, sarcoplasmic reticulum calcium 
ATPase; CaM, calmodulin; CaMK, calmodulln-dependent kinase; 
CaN, calcineurln; GRK, G protein-coupled receptor kinase; 
NCX, sodium-calcium exchanger; NHE, sodium-proton 
exchanger; and PP, protein phosphatase. 
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Most studies agree that in cardiomyocytes the cAMP 
pathway is stimulated through ft- as well as ft-receptors. 
However, even though the ft subtype causes greater adenylyl 
cyclase stimulation than the ft subtype in transfected 
cells 38 - 39 and in cardiomyocytes, 40 - 41 the ft subtype confers 
greater functional effects in cardiomyocytes. 2 One explana- 
tion for this difference is that cAMP generated by ft-receptor 
stimulation is not equivalent to cAMP-generated via ft- 
receptors. Another explanation is the existence of additional 
signaling pathways that modify the G/adenylyl cyciase/PKA 
pathway- 
Such additional nonclassica! signaling is particularly im- 
portant for the ft (and perhaps the ft) subtype, but less for the 
ft-receptor. Many coupling proteins have been identified for 
the three ftreceptor subtypes, 41 but only a few of them have 
been demonstrated in the heart (Figure I). Nonclassical 
signaling for the ft -adrenergic receptor— studied less— may 
include a calcium signal not inhibitable by inactive cAMP 
analogues 43 It will be a major task to elucidate the physio- 
logical role(s) of these nonclassical signaling pathways, 

Compartmentation of ^-Adrenergic Signaling 
Receptor-generated signals are usually measured as global 
changes in second messenger concentrations, which axe 
implicitly assumed to change in a uniform manner. This 
simplistic view would mean that intracellular signaling uses 
neither spatial nor temporal information. However, evidence 
is accumulating that this is not the case, and that compart- 
mentation of intracellular signaling may be more than an 
excuse for results that are difficult to interpret 

Studies on intact hearts and isolated cardiomyocytes 
helped to establish this concept 44 - 45 Work in the 1970s 
suggested that PKA activation by prostaglandin B and iso- 
prenaline exerted differential effects on glycogen phosphor- 
ylase phosphorylation in rat heart 445 Similarly, cAMP accu- 
mulation via the glucagon-like peptide receptor was recently 
found to be completely uncoupled from inotropic effects in 
cardiomyocytes. 47 Different "efficacies" of cAMP generated 
via ftreceptor activation or via direct adenylyl cyclase 
stimulation with forskolin further suggested spatial compart- 
mentation of cAMP in cardiomyocytes.' 18 Recent electrophys- 
iological studies showed that localized stimulation of 
ftreceptors on frog cardiomyocytes activated L-type Ca 2+ 
channels in the vicinity of the receptors, whereas forskolin 
activated also distant Ca 2 * channels. 49 Inhibition of isopren- 
aline effects by acetylcholine 50 and NO were also locally 
restricted. 51 Imaging of cAMP in neonatal cardiomyocytes 
showed that the noradrenaline-induced cAMP signal diffused 
only «* 1 jum, but phosphodiesterase inhibition led to gener- 
alized cAMP elevation. 32 Thus, cAMP degradation by phos- 
phodiesterases may spatially limit cAMP signals. 

Several pieces of evidence point toward differences in 
compartmentation between ft- and ft-receptors. 3 - 6 First 
ft-receptors can couple, in addition to G„ also to G„ whereas 
ft-receptors couple only to G,. 53 G t coupling is enhanced by 
PKA-mediated ft-receptor phosphorylation. Second, the 
PKA phosphorylation pattern induced by ft- and ft-receptor 
stimulation seems different at least in some species. Two 
groups found only ft-induced troponin I phosphorylation in 



rats, 54 - S3 whereas others described phosphorylation via both 
subtypes in human heart. 56 Phospholamban phosphorylation 
has been reported after ft- but not ft- receptor activation in 
canine and human cardiomyocytes, 54 - 57 while in other studies, 
particularly in human heart both subtypes caused phosphor- 
ylation. 55 - 56 ft~Receptor stimulation increased PKA activity 
in the particulate fraction of cardiomyocytes, whereas after 
ft-receptor stimulation this increase was limited to the 
soluble fraction. 35 In adult rat cardiomyocytes, the complete 
absence of a cAMP signal after ft-receptor stimulation has 
been reported. 58 

Which mechanisms permit spatial compartmentation of 
cardiomyocyte ftadrenergic signaling? First receptors might 
have different cell surface localizations. In one study, the ft 
subtype was copurified with cardiomyocyte caveolae, while 
the ft subtype was more evenly distributed. 59 In another 
study, the ft subtype was preferentially localized in caveolae 
on rat neonatal cardiomyocytes, and this was taken as a 
reason for efficient adenylyl cyclase coupling. 40 Second, the 
receptors are probably embedded into large signalosomes, 
which might differ between the ft and the ft subtype. 
ft-Receptor signalosomes containing an entire signaling 
chain have recently been demonstrated in neurons. 60 And 
third, postreceptor signaling may also be spatially orga- 
nized. 61 cAMP signals might be spatially regulated via their 
site of generation (receptor localization) and via localized 
destruction (phosphodiesterases). Several experiments show 
loss of spatial localization after phosphodiesterase inhibi- 
tion.'* 8 - 52 * 62 ft Receptors can actively recruit phosphodiester- 
ase 4 to the plasma membrane 63 Downstream signaling 
proteins also have specific localizations. In particular, PKA is 
spatially localized via binding to A-kinase anchoring pro- 
teins 64 and the same applies for protein phosphatases 65 and 
possibly their inhibitors. 

In addition to spatial compartmentation, ftreceptor cou- 
pling is also temporally regulated. First ftreceptors desensi- 
tize. This is most prominent for Ihe ft subtype and small for 
the ft subtype. 66 - 67 Desensitization occurs via receptor phos- 
phorylation either by PKA or by G protein-coupled receptor 
kinases, GRKs, 68 - 69 plus ftarrestins. 70 Both mechanisms un- 
couple receptors from G proteins. 71 In addition, the receptor/ 
ftarrestin complex recruits several proteins that initiate 
nonclassical signaling pathways. Since the GRK/ftarrestin 
mechanism is most prominent for the ft subtype, this 
explains why nonclassical signaling pathways are .most prom- 
inent for this subtype. Furthermore, PKA-induced phosphor- 
ylation of ft-receptors promotes switching from G s to G,. 27 - 72 
And finally, prolonged stimulation results in receptor down- 
regulation, ie, a reduction in receptor number. 73 In summary, 
ftreceptor signaling is a multifaceted process, and our current 
understanding seems still incomplete. 

Alterations of the ^-Adrenergic System in 
Heart Failure 

Numerous studies show alterations of the cardiac ftreceptor 
system in failing hearts. l - 2 - 74 - 76 They include a reduction of 
the ft subtype and its rnRNA by up to «*50%, correlated to 
disease severity, 75 76 while the ft-receptor levels remained 
unchanged in most studies. It is still not clear why downregu- 
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lation in heart failure is specific for the ft subtype. The 
remaining j3 -receptors are desensitized, presumably mostly 
via GRKs (see below). In addition, up to 2-fold increases of 
Gar— particularly Oa i2 — and its mRNA occur early in heart 
failure » 2-14,7* and may cause reduced responsiveness of many 
G 9 -coupled receptor systems.™-" 1 In addition* canine heart 
failure models show downregu lation of Gar" and of adenylyl 
cyclases V and VI,* 3 which are rate-limiting in the 0-receptor 
system. 84 Heart failure-induced elevated catecholamine lev- 
els most likely cause all these alterations that functionally 
limit the contractile reserve. 

Even though these changes have been confirmed repeat- 
edly, their interpretation is uncertain. They can be interpreted 
either as a beneficial mechanism that protects the heart from 
the detrimental effects of chronic ft-receptor stimulation, 
including arrhythmias, energy dysbalance, hypertrophy, and 
apoptosis — even though they deprive the heart from the 
benefits of short-term ftadrenergic responsiveness. Alterna- 
tively, they may lead to further deterioration of heart failure, 
since they disable the heart to meet its demands. Depending 
on these interpretations, therapeutic strategies might attempt 
either to inhibit the ftreceptor system even further or to 
restore its sensitivity. Both apparently contrasting strategies 
are currently being pursued. 

Rote of GRKs in Heart Failure 
Increased GRK activity appears to be a major factor contrib- 
uting to 0-receptor desensitization in failing hearts. 85 86 Nu- 
merous studies have demonstrated upregulation of GRK 
activity and GRK2 mRNA in patients and animal models of 
heart failure and hypertrophy. 11 * 87 - 88 This has led to the 
hypothesis that cardiac function might be restored by inhib- 
iting GRKs. 86 No GRK inhibitors have so far been described 
that would allow a testing of this hypothesis, but several 
studies with the C-terminus of GRK2 CTSARKct") appear to 
support it This 184 amino acid C-terminus inhibits GRK- 
mediated receptor phosphorylation, 89 and its overexpression 
has led to reduction of heart failure in several Heart failure 
models 86 * 0 - 91 

However, again the alternative hypothesis is that increased 
GRK activity is part of a protective adaptation. This hypoth- 
esis would be compatible with the long-term damage caused 
by chronic stimulation or transgenic ft-receptor overexpres- 
sion, 92 - 93 and with the beneficial effects of (3-blockers in heart 
failure patients. 16 In this case* the beneficial effects of 
0ARKct might be mediated by mechanisms distinct from 
GRK2 inhibition. 

In fact, /3ARKct impairs many G/3-y pathways, and several 
lines of evidence suggest that Gfiy inhibition ("scavenging") 
is important for its effects. First, the detrimental ftreceptor- 
mediated effects appear to be due more to the cAMP than to 
nonclassical signaling since (J) transgenic overexpression of 
the ft subtype is more detrimental than that of the ft 
subtype 93 - 94 even though the ft subtype activates essentially 
only the cAMP pathway and does not internalize well, 6 - 95 and 
(2) the detrimental effects of ft -receptor overexpression are 
very similar to those of overexpression of Gck, or PKA. 96 - 98 
Second, GRK2 transgenic mice show no overt cardiac pa- 
thology, 99 arguing against a detrimental role of GRK activity 



per se. Third, in a transgenic mouse model of heart failure, 
/3-blockers conferred a benefit in addition to /3ARKct, sug- 
gesting an unrelated mechanism of action for the two princi- 
ples. 91 And fourth, the protective effects of /3ARKct on heart 
failure progression have been reproduced with N-tcrminal!y 
truncated phosducin, 1 * 10 a supposedly "pure" G07-binding 
protein 101 that did not restore the cAMP signal. 

Thus, ftreceptor blockade and ft\RKct might be regarded 
as independent and complementary therapeutic principles in 
heart failure. The usefulness and the mechanisms of /3ARKct 
and of "pure" GRK inhibitors will be questions for future 
investigations. 

Cardiac ^-Adrenergic Receptor 
Transgenic Mice 
Transgenic cardiac overexpression of ft-receptors in mice at 
20 to 30 pmol/mg protein led to marked enhancement of basal 
contractility 94 but caused no overt cardiac pathology, 102 
Adenovirus-mediated ft-receptor overexpression enhanced 
myocardial contractility in a rabbit heart failure model. 103 
However, later studies showed that 50-fold overexpression of 
ft-receptors was well tolerated, whereas 350-fold overex- 
pression induced cardiac pathology. 104 High-density ft- 
receptor overexpression rescued left ventricular contractility 
after myocardial infarction 105 but worsened cardiac function 
after aortic banding 106 and negatively affected several genetic 
heart failure models, 86 including Ga, overexpression. 107 
Lower levels (30-fold overexpression) had beneficial effects 
in the same model, 107 suggesting an expression optimum for 
enhancing cardiac function via ft-receptors. 

Cardiac overexpression of ft-receptors in transgenic mice 
caused cardiomyocyte hypertrophy, followed by fibrosis .and 
heart failure Calcium transients were prolonged, and 
expression of the sarcoplasmic reticulum (SR) protein junc- 
tion was reduced. 109 Interestingly, ft-receptor transgenic 
mice develop marked cardiomyocyte hypertrophy without a 
major increase in heart weight, 93 indicating a dramatic loss of 
ventricular cardiomyocytes, perhaps via apoptosis. 108 ft as 
well as ai agonists have long been known to cause hypertro- 
phy. 110 These data indicate mat the ft- receptor system is 
ideally suited for short-term increases in cardiac function but 
causes marked damage after prolonged activation. 

The differences reported between ft- versus ft-receptor 
overexpression are remarkable. Since both subtypes activate 
cAMP signaling, they must be due to nonclassical, receptor- 
specific pathways such as ft-receptor coupling to G, and 
mitogen-activated protein (MAP) kinases.^ 111 - 112 In addition, 
compartmentation of cAMP signals might cause differences 
between ft and ft-receptor- generated cAMP. 98 The potential 
clinical implications of these differences are obvious. For 
example, ft-selective antagonists might be superior to non- 
selective blockers in heart failure, because they would leave 
the ft-receptor operational. And increasing ft-receptors to an 
optimum level might also be beneficial. 103 

Which Mechanisms Mediate Detrimental 
/3,-Receptor Effects? 

Candidate Downstream Targets 

The potentially ft-selective damage must be mediated via 

ft-initiated signals. Since the major ft signal in cardiomyo- 
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cytes is the cAMP/PKA pathway, the prime suspects are the 
targets of PKA-mediated phosphorylation. Identifying the 
relevant targets is difficult since our knowledge is mostly 
derived from acute 0-receptor stimulation, while in heart 
failure /B~adrenergic activation lasts for years. Adaptive 
changes and transcriptional/translational alterations may 
dominate long-term responses. A striking example of oppo- 
site effects of short- versus long-term /3-adrenergic stimula- 
tion is the sodium proton exchanger NHEl. 

Phospholamban 

The most prominent cardiac target of PKA is phospholamban 
(PLB), a 52 amino acid phosphoprotein that controls SR Ca 2+ 
uptake by inhibiting SERCA. 32 PKA-mediated phosphoryla- 
tion of PLB relieves this inhibition. Experiments with PLB 
knockout mice indicate that PLB mediates the positive 
lusitropic and part of the positive inotropic 0-receptor ef- 
fects. 11 JU4 Even though phospholamban is a major PKA 
target in cardiomyocy tes, it is probably not responsible for the 
detrimental 0 r receptor effects. First, PLB knockout rescued 
several (but not all 115 - 116 ) heart failure models including 
0 r receptor transgenic mice, 117 suggesting that phospholam- 
ban inhibition by PKA is not detrimental. Second, gene 
therapy approaches inhibiting phospholamban 11 81 19 or aug- 
menting SERCA 120121 ameliorated several heart failure mod- 
els. However, there may be important differences between, 
mice and humans, since two inactivating mutations of phos- 
pholamban have recently been reported to cause heart failure 
in patients. 122 - 123 At present, it is unclear how these findings 
can be integrated. 

Other Calcium Regulatory Proteins 
Ryanodine receptor (RyR) hyperphosphorylation by PKA 
leading to increased open probability has been implicated in 
the pathogenesis of heart failure. 34 Others have disputed this 
observation 124 or attributed the PKA-induced increase in SR 
Ca 2+ release to an indirect mechanism involving phospho- 
lamban. 125 Thus, the role of RyR phosphorylation in heart 
failure awaits clarification. 126 

PKA-mediated phosphorylation opens L-type Ca 2+ chan- 
nels triggering SR Ca 2 * release through the RyR. 114 Basal 
L-type currents are maintained 127 in heart failure, but single- 
channel recordings show an increased open probability. 128 
Further PKA targets are MyBP-C and troponin I, which may 
disinhibit myosin actin interaction 35 and reduce Ca 2+ sensi- 
tivity of myofilaments, 129 respectively. It is not clear whether 
these effects contribute to heart failure. 

A functional imbalance between pathways in or decreasing 
diastolic Ca 2 * might lead to elevated cytosolic Ca 2 * levels as 
a common final pathway in failing cardiomyocy tes. 130 The 
downstream mechanisms exerting possible detrimental Ca 2+ 
effects and the roles of Ca 2+ -dependent proteins such as 
calcineurin and CaM kinase remain to be elucidated. 131 

Protein Phosphatases and Protein Phosphatase 
Inhibitor-1 

Recent evidence indicates a regulatory role for phosphatases 
in cardiomyocytes. 132 Phosphatase 2A occurs in j8 2 -receptor 
signalosomes in neurons 60 and colocalizes with the RyR. 34 



Heart failure is accompanied by increased global protein 
phosphatase (PP) activity. 132 The protein phosphatase inhib- 
itor-!, PPM, inhibits PPI only in its PKA-phosphorytated 
form and seems to amplify 0-adrenergic signaling in cardio- 
myocy tes. 1 33 ,34 PPM mRNA, protein, and phosphorylation 
are reduced by 2- to 5-fold in failing human hearts, 134 ' 135 
leading to reduced PPI inhibition. 132 Expression of constitu- 
tively active PPM rescued the function of failing cardiomyo- 
cytes. 133 In order to delineate a role of PPM in heart failure, 
the proteins regulated by PPM -sensitive dephosphorylation 
need to be identified. 

Sodium Proton Exchanger NHE1 
A remarkable example of how fundamentally short- and long- 
term effects can differ is the involvement of the cardiac sodium 
proton exchanger NHE1 in the detrimental effects of chronic 
0-receptor stimulation. Acute 0-receptor stimulation may inhibit 
NHEi. 136 However, in /3 r receptor transgenic mice NHEl is 
upregulated, and pharmacological NHEl inhibition prevented 
the development of hypertrophy, fibrosis, and heart failure. 137 
The mechanisms of the protective effects of NHEl inhibition, 
the roles of intracellular sodium and calcium, and NHEl 
regulation remain to be investigated. 137 - 138 

Apoptosis 

0-Receptor stimulation causes apoptosis of isolated rat car- 
diomyocytes. Different approaches demonstrate proapoptotic 
effects of /3 l and antiapoptotic effects of /3 r receptors. 139 - 14 ' 
These in vitro studies are paralleled by findings in transgenic 
mice where 0 r receptor and Ga, overexpression markedly 
increased cardiomyocyte apoptosis. 108142 However, the stud- 
ies differ as to the responsible intracellular signaling path- 
ways. ft-Receptor-mediated stimulation of p38 MAP ki- 
nase 111 and activation of Akt kinase via G, 141 have been 
proposed as antiapoptotic mediators. The proapoptotic effect 
of 0, -receptors has been found to be dependent on reactive 
oxygen species, 143 while others imply PKA- independent ac- 
tivation of CaMK. 43 Thus, the mechanistic links for the 
opposing effects of 0,- versus 0 2 -receptor stimulation on 
cardiomyocyte apoptosis remain uncertain. Nor is it clear 
how much /3 r receptor-mediated apoptosis contributes to 
heart failure. 144 

Impact on Clinical Medicine 

/^-Adrenergic Receptor Polymorphisms 
Genes for all three 0-receptor subtypes contain single nucle- 
otide polymorphisms. Eighteen 0 r receptor variants 145 and 13 
02-reoeptor variants have been described, 146 but only two 0, 
and three & variant genes are common and have been 
extensively studied with respect to cardiovascular function 
(Table). Two attractive hypotheses arise from these studies. 

First, the 0 r receptor Gly 389 variant (allele frequency 25% 
in whites, 42% in blacks) shows reduced cAMP signals 147 
and may represent an impaired variant of the potentially 
harmful 0 r receptor. Clinical studies have given mixed results 
(Table), suggesting that the more active Arg 389 variant may be 
detrimental in some contexts. For example, the risk for heart 
failure in blacks was increased for the Arg 3 * 9 variant only 
when combined with the a l<r receptor deletion polymorphism 
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with bisoprolol, metoprolol, and carvediiot show a similar 
reduction in the risk of death by a third or more, a benefit 
greater than of any other drug used in heart failure. 16 

Why Do ^-Blockers Work in Heart Failure? 
How can long-term application of negative inotropic com- 
pounds increase cardiac index, exercise capacity, and sur- 
vival? Two basic mechanisms might explain this paradox: a 
block of the detrimental consequences of sustained 0 r 
receptor stimulation or resensitizatton of the cardiac 
/3-receptor system. We are not aware of studies that would 
permit a definitive decision, but several arguments support 
the role of blocking detrimental 0, effects. 

First, /^-blockers showed benefits in all patient subgroups, 
including those with high and low heart rate, blood pressure, 
and ejection fraction. 18 Thus, the benefit is not restricted to 
patients with high heart rate. Second, jS-blockers exert anti- 
arrhythmic effects, which may explain why they caused 
larger reductions in sudden deaths than in total mortality. 
Antiarrhythmic effects are particularly important since al- 
tered calcium handling makes failing hearts very susceptible 
to arrhythmias. Third, /3-blockers might prevent the hyper- 
trophic, proapoptotic, and pronecrotic effects of cardiomyo- 
cyte j3 r receptor stimulation. Fourth, j3-blockers might im- 
prove the energy balance in failing hearts, which show energy 
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(allele frequency 4% in whites, 38% in blacks), 148 which is a 
risk factor by itself. 149 Large cohort studies investigating 
more complete sets of such polymorphisms including com- 
plete haplotypes will be needed for an answer. 

Second, the ft-receptor He 164 variant is a rare variant of the 
potentially protective ^-receptor displaying reduced agonist- 
binding and activity when expressed in fibroblasts 3 * or 
transgenic mice. 150 Healthy volunteers or patients heterozy- 
gous for the He 164 variant exhibited lower chronotropic and 
inotropic response to the ft agonist terbutaline, reduced 
exercise capacity, and decreased survival in heart failure 
(Table). These findings support the hypothesis that an im- 
paired preceptor represents a risk factor for cardiovascular 
disease and particularly heart failure. 

The Gly 16 and the Gin 27 variants of the ft-receptor may 
exhibit altered agonist-induced downregulation and have 
been associated with decreased exercise capacity. These data 
are inconsistent and have been discussed elsewhere. 151 

p-Blockade in Heart Failure 
Since the pioneering work in the 1970s, 152 it took two 
decades until 0-blockers turned from contraindication to 
standard treatment in heart failure. 16 Blocking 0-receptors 
when cardiac function depends on sympathoadrenergic drive 
long appeared counterintuitive. Today, three large studies 
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starvation 153 and high-energy phosphate depletion, 154 since 
they reduce heart rate and improve diastolic filling and blood 
flow. /3-Blockers apparently induce a partial switch from fatty 
acid to glucose metabolism by inhibiting carnitine palmitoyi 
transferase. 7 And finally, 0-blockers reverse failure-specific 
alterations in cardiac gene expression, which may be involved 
in progression of the disease, 155 -' 58 

The resensitization hypothesis is supported by the fact 
^-blockers upregulate preceptor levels and normalize ele- 
vated GRK and Go^ levels. 135 -' 59 While these receptors are 
partially available even in the continued presence of 
0-biockers,' 60 it is doubtful whether their increase is func- 
tionally relevant. 16 '-'** However, resensitization of down- 
stream elements does result in enhanced responses to phos- 
phodiesterase inhibitors. 161 

Differences Between ^-Blockers 
Bisoprolol, carvedilol, and metoprolol have been shown to be 
beneficial in heart failure, and others may follow. Metoprolol 
and bisoprolol are ft-selective and have modest inverse 
activity (ie, they decrease the spontaneous activity of the 
receptor in the absence of agonist),' 63 whereas carvedilol is 
nonselective, shows no inverse activity, 163 dissociates slowly 
from the receptor, 164 and is a radical scavenger and a r 
receptor antagonist. All three compounds led to similar 
clinical results, but carvedilol was superior to metoprolol in 
the recent COMET trial. 165 Methodological criticism aside, 
mis trial does not answer the questions of possibly protective 
02-receptors and whether the additional properties of carve- 
dilol are important. A role for intrinsic activity is supported 
by the observations that the strong partial agonist xamot- 
erol 163 was detrimental in heart failure, 15 * and the weak partial 
agonist bucindoiol' 66 was ineffective in the BEST trial. 167 
The beneficial 0-blockers are neutral (carvedilol) or inverse 
agonistic (bisoprolol, metoprolol).' 63 However, because of 
the low constitutive activity of the /3 r receptor, it is uncertain 
how important inverse agonism is. Taken together, the 
question is still open which pharmacological properties of 
0-blockers make them effective in heart failure. 

Conclusions 

Overwhelming evidence supports a major role for the 
/•^adrenergic system in heart failure. While this system is 
ideally suited for short-term increases in cardiac performance, 
its long-term activation is apparently detrimental. These 
damaging effects appear to be mainly due to stimulation of 
the & subtype, but the responsible signaling pathways need to 
be identified. Relevant beneficial effects of the ft subtype 
remain to be confirmed, again together with the elucidation of 
the responsible — presumably nonclassical— signaling path- 
ways. And the role of the fo-receptor in the heart is still 
unclear. 

The many changes in the p-adrenergic system in heart 
failure are most likely a protective adaptation. ^-Blockers 
presumably act by (further) inhibiting the detrimental effects 
of £, -receptor stimulation, but perhaps also by resensitizlng 
downstream signaling elements. Future questions include the 
role of resensitization, the essential properties of clinically 
effective 0-blockers, and the importance of the many down- 
Downloaded from circres.ahajournals.oig at 



stream signaling steps in finding new strategies for the 
treatment of heart failure. 
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PHOSPHOLAMBAN DOWN-REGULATION OR 
SERCA2A OVEREXPRESSION; INTERACTION 
WITH PAR STIMULATION IN RABBIT MYOCYTES. 
Babar Chaudhrl, Kerry Davla, Tederica del Monte, *Roger 
Haljar, Sian E. Harding, ICSM, London and *CVRC, Harvard 
Med. School, Boston, MA, USA 

Increasing heart force and speeding relaxation by SERCA2a 
overexpression using adenoviral vectors has shown 
promising results in failing human and animal myocytes. 
However, It has been suggested that stimulation by down- 
regulation of phospnolamban might be preferable, since the 
maximum effect should be similar to that produced by pARs, 
avoiding supraphysiologlca! effects. We have compared 
directly the effects of SERCA2a overexpression (Mold) with 
those of phospnolamban down-regulation using antlssnse 
(Plb-AS), both mediated by adenovirus. Adult rabbit 
myocytes were studied 48 h after infection with adenovirus: 
co-expression of GFP was used to Identify infected 
myocytes. Inotropic responses to Iso were unaffected by 
Ad.SERCA2a or Ad.Plb-AS (maximum contraction 
amplitude: control, 8.6 t 0.5 % shortening; Ad.SERCA2a, 
3.1 * 0.4%; Ad.Plb-AS, fi.2 ± 0.7%, n*9 preparations). EC» 
values were not significantly different between groups. Both 
Ad,SERCA2a and Ad.Plb-AS accelerated relaxation 
(P<0.02) (Tlme-to-SO% relaxation (R50), non-Infected: 204 t 
22 ms. Ad.SERCA2a; 106 ± 15 ms, Ad.Plb-AS: 13S t 15 
ms). After maximal isoproterenol stimulation (1 uM) R50 
values were, non-Infected: 04 * 7 ms, Ad.S£RCA2a: 70 * 8 
ms and Ad.Plb-AS: 74 t 5ms. Addfflvity with (JAR 
stimulation Is therefore similar for Plb down-regulation and 
SERCA2a overexpression, suggesting that other limitations 
within the cell prevent SERCA2a from producing 
supraphyslotogicaf acceleration of relaxation. 



PHOSPHODIESTERASE III (PDE III) INHIBITION 
POTENTIATES Ca-JNDUCE0, NOT VOLTAGE- 
GATED, SARCOPLASMIC RETICULUM Ca RELEASE 
Xiongwen Chan, Valentino Piacentlno III, and Steven R. 
Houser,.CVRG, Temple Unh/ereity, Philadelphia, PA 

BACKGROUND: Sarcoplasmic reticulum (SR) Ca 
release is triggered by the L-type Ca current (leu). In 
addition, cAMP-dependent direct voltage gating has 
also been described with amrinone, a PDE III inhibitor, 
proposed as a preferential activator. We studied the 
effects of PDE 111 inhibition on l^-lnduced and voltage- 
gated SR Ca release in feline ventricular myocytes 
(FeVM). METHODS: l Ca ,i and contractions (37°C) were 
measured in FeVM with whole-celt voltage clamp and 
video-microscopy, respectively. Perforated patch was 
employed in some experiments to eliminate dialysis of 
Ihe cytoplasm. The voltage-dependence of contraction 
(V-C) and the cadmium (leu inhibitors-sensitive I™™**™ 
were measured before and after amrinone (AMR, 100- 
500 uM). RESULTS: The V-C relationship was bell- 
shaped under control (Cnt) conditions. AMR increased 
the rate and magnitude of contraction and the inward 
current. The V-C relationship broadened, but was still 
bell-shaped. In Na- and K-free conditions, AMR caused 
a significant increase in leu during steps to +10 rnV 
(Cnt, 9.3±1.2 VS. AMR. 13.7±t.8 pAApF, p<0.05). AMR 
also caused a leftward shift In the voltage-dependence 
of leu activation (p<0.05). CONCLUSIONS: AMR 
increases leu and SR Ca loading In FeVM. The bell- 
shaped V-C relationship In the presence of AMR is only 
consistent with le» conduced SR Ga release. There is no 
direct voltage-gated SR Ca release In mammalian 
cardiac myocytes. 
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BIOCHEHCAL CHARACTERIZATION Of IHE SARCOPiASMC 
RETICULUM MEMBRANE IN CARDIAC FMLURE DUE TO VOLUMB 
OVERLOAD. 

Rft* Chevwr. and Miurtelo Dfti-HufoL Dopt of Mokcultr inti 
Csflulir Nauroblology- KwrobWofly Csrtor, Natontl UntvtnHy of 
M^.Jum^Qro.M4xlco. 

ModfScs&ww b the ccmpcaiJfcn of bfofe^ScaJ nwnbrsnea, todudlng the 
$ato>plaBrr& Reticulum (SR), have been foown to happen under 
cartetn physfcbgtea* or pethdogbal oondftfcm SR proteins sooh as the 
catefeim ATPasa (GERCA) have shown to be meduis$*i aaoordhg to 
the ptesphoipfeb phs*e they an Immersed In. In volume owtead, 
heart fejyre occurs as a eeneequew* of contracUHy knp«-tone«L 
InteoeOuiaf cofcfum has been found to be rested In an unusual way 
by a& the stements Involved to It, Ike receptor* and channels. It is our 
intention to demonstrate that thb uncoupling of the etomarte 
respewMe of eaWum haraflhg b party became of the stertrtfcfia 
ooouning within the compeeWon of the SR membrane. Volume 
overbed was achieved by an a&rtc-caval shunt aa deaerfbed by Garcia 
and DiaboU (19S0) wtti mato WWar rata weeing between 160*220 o 
After \% waeka of treaimtrrt. rcia ware evaluated wtti the foSowtng 
taste syatolto Wood pleasure, blood crosttatns, opto and e$atfro*fc 
mlcmsobpy. By using the U^endorff Model we determine the left 
ventricular pressure, aft the aleofcecsafegram parameters Ota heart 
rate, qre complex aad a-v conducts**. After mte, we obtained 
enrtohed SR membranes from each heart and performed the 
b&hemtoel sftsays. In this matter we made bfeding asuya lor the 
ryaoodbe reoftptor, erjymace edMty enaly*Ji of the SERCA pump 
and pnrflmlnBfy quanttxstjen of membrane phosphors. The rasutte 
reflect thai our treated rats show mid oardiao felure aseerdlng to the 
LangendonT Model, this fc, only left ventiWe pressure aagmerrtod 
wWwwt intwfertng with heart parforrnsftoe. However, the bfcshemteal 
resutta axhfcft fafeasetino, maturae Ike a slgnHeanl ratee ti ryanodine 
btodbg and a dear diminution In the eruyme aobvty tor the S8RCA 
pump. Arwfy^s of the fatty adda coniwrt of the SR membrane 
phMphollpUa showed to be ^gnlfeently mooted. 
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rTJNCTION^L SIGNBFICANCE OF Pr ADRENERGIC 
RECEPTOR ACTIVATK>N IN HEART FAILURE 
, Heng-Jle Cheng, Zhw-Shan Zbatig, Katsuya Ontsfal, 
Tomahlko Ukat, David C* Sane, Cbe-Flng Cheng, Dept of 
Cardiology, Wake Forest University School of Medicine, 
Winston-Salem, NC. 

We compared cardiomyocyte steady-stale p 3 -adrenergic 
receptdts (AR) mRNA and protein levels, myocyte contractile 
performance, £Ca**Jj transient, and Ca a current (W) 
responses to BRL-37344 (BRL, 10"* M), a 0 a -AR agonist, in 
freshly isolated LV cardiomyocyte obtained from S 
instrumented dogs before and after pacing-induced CHF. 
Using RT-PCR with designed primers, we detected p 3 -AR 
mRNA from myocyte total RNA in each animal both before 
and alter CHF. {$ 3 -AR mRNA expression and protein levels, 
assessed by Northern blot and Western blot, were significantly 
increased in CHF myocytes than in normal myocytes. 
Importantly, these changes were associated with enhanced fo- 
AR-roediated negative modulation on myocyte contractile 
response and [Ca J *]i regulation. Compared with normal 
myocytes, CHF myocytes had much greater decreases in the 
vetocity of shortening and irlengftening with BRL, 
accompanied by larger reductions in the peak systolic [Ca > 
transient and lax* These responses were not modified by 
p retreating myocytes with metoprolol (a pVAR antagonist) or 
nadolol (a 0r and P*-AR antagonist), but were nearly 
prevented by bupranolol (a PrAR antagonist) or by PTX 
incubation. We conclude that in dogs with pacing-induced 
CHF, gene expression and functional response of cardiac pr 
AR are up-regulated. This factor may contribute to 
progression of functional impairment in CHF. 
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PH OS PHOLAM B AN DOWN-REGULATION OR 
SEKCA2A OVEREXPHBSaiON; INTERACTION 
WITH PAR STIMULATION IN RABBIT MYOCYTES, 
Babar Chaudhri , Kerry Davta, Tederica del Monte, *Roger 
Hajjar, Sffin E. Harding, ICSM. London and *CVRC, Harvard 
Med. School, Boston, MA, USA 

Increasing heart force and speeding relaxation by $ERCA2a 
over-expression using adenoviral vectors has shown 
promising results In falling human and animal myocytes. 
However, it has been suggested that stimulation by down- 
regulation of phosphoJamban might be preferable, since the 
maximum effect should be similar to that produced by pARs, 
avoiding supmphysioJogjcat effects. We have compared 
directly the effects Of SERCA2S overexpressfon (6-fold) with 
those of phosphotemban down-reoulatlon using anttsense 
(PU>AS) ( both mediated by adenovirus. Adult rabbit 
myocytes were studied 48 h alter infection with adenovirus: 
co-expression of QFP was used to Wentify infected 
myocytes. Inotropic responses to Iso were unaffected by 
Ad.SERCA2a or Ad.Rb*AS (maximum contraction 
amplitude; control, 8.8 ± 0.5 % shortening; Ad.SERCA2a, 
6,1 * 04%; Ad.PJhAS, 9.2 * 0.7%, n»B preparations). ECsa 
values were not significantly different between groups. Both 
Ad.SERGA2a and Ad.Plb-AS accelerated relaxation 
(P<0.02) <Tlme4r>50% relaxation (R50), non-Infected: 204 ± 
22 ms, Ad.S£ftCA2a; 106 * 15 ms, Ad.Flb-AS: 135 * 16 
ms). Alter maximal Isoproterenol stimulation (1 pM) R50 
values were, non-Infected: 94 4 7 ms, Ad.SERGA2a: 70 ± 6 
ms and AdPaVAS: 74 ± 5ms, AddKMty with pAR 
stimulation is therefore similar for Pib down-regulation and 
$ERCA2a overaxpresslon, suggesting that other limitations 
within the cell prevent SERCASa from producing 
5uprcphyslological acceleration of relaxation. 



BOCHSftCAl OURACTEfOZATKW Of THEftUttttPlAStfC 

rethjuluh warnx* w catcxac failure due to vou*« 

OVOttJOAO, 

m Cfrtvw «od HttaieJo CtettuQox. 0*pt of Moieestar mi 
CM* m**m& . NwaobWogy Center, Hrttewi UnhwraHyof 

Afoacasm-fctteeeinpoa^ 

Swwciewnte HeSodua haw been kaswn to under 

oriiu* ATPww (SERCA) h** tixmi to bo matted sttttrilnab 
foe phctehotyfe phete tts* are Imwteaa la, to voluiw c*tfoai 
teat filura cooj* w a ewwequwra of oori^ca*/ fcnfjkmwl 
Infcsscfcferoifcfcim h» been found to t»»gul0Wh an unawsi^ 
by al tw rittHMd itvdwd In ft, fc» receptee end chenneis. It to our 
fafcttfen to essfcrasa* that Bfc uneouf&o. of aw etomenti 
m&&&> of esWum tondfe? to party beceuea of the atefrfieris 
eepuring wttm the otapoattm of foe SR nwnfanm Volume 
owM mi aohtowd by an iorton^J^irt»tJe«l»dtiyG*o^ 
wdDktooW(I«0)w* mileW^Tite ^^fa et»t w 180^0o. 
ASer 12 »wfc» of taataMt, n£» we» evj*Jitod vrth tt* fofcftfeg 
1Mb ^toiler &od pceaauteb Wood «••&**, e#e and etocaonto 
mforoewpy. By wtag the Ungenawff Mode* w determine (ho left 
vsrftfattf pesm al the eteeecsreTopwn pamtom Uta heart 
rate, am complex and a* conftitftftc*. Ater fife, w obtained 
enriched aft inembranee from «wh hetott end perfcrn*} the 
bfcxtomfcal [r» lh» rwtier *e m*J# bWbg for the 
■yanodfc* receptor, efutymafe sofoSy ensile of the SERCA pump 
e^r**toiir^<}uarti^^ 

itaast mat our tested rata stew mid oardtao fefcrnaoooidlnfltoihe 
L«sendocff MdM thte t\ only W vertWcto piaeaure eusoneatod 
ram totorf*eteg «Ui heed pwfomer** Hww 
teitiXa exhfcfl Menatng leitoieeftaeatotd^mtoh vac^ 
btodtog add a daardWhuflwi to theefttyr»afl»^torlb»S5RCA 
puRV. AnaMb of 9m toay ecfcte oontont of the 8ft manege 
liahowedtoUftoJ^^ined^ 



PHOSPHODIESTERASE III (PDE 111) INHIBITION 
POTENTIATES Ca-INDUCED, NOT VOLTAGE- 
GATED, SARCOPIASMIO RETICUyjM Ca RELEASE 

Xiongwon Chen, Valontino PfecenUrio III, and Steven R. 
Housor.CVRQ, Templa Unlveratty, Philadelphia* PA 

BACKGROUND; Sarcoplasmic reticulum (SR) Ca 
release Is triggered by the l-type current gc«*). in 
addition, cAMP-deperKiont. direct voltage gating hae 
also been described with amrinone, a PDE III inhibitor, 
proposed as a preferential activator. We studied the 
effects of PDE III fnWbHlon on Ida-induced and yoftage- 
" SR Ca release In feline ventricular myocytes 



^eVM>7 METHODS: leu and contractlpna (37^C> were 
rWaured in PeVM with whole-cell voltage clamp and 
Meo>miefosfiopy, respectively. Perforated patch w*a 
employed in some experltnenta to eliminate dialysis of 
the cytoplasm. The vottage-dependence of contraction 
(V-C) and the cadmium Ocu lnhtoftor)-seri$itiye Xm*™ 
were meaaured before and alter amrinone (AMR, 100- 
500 |*M). RESULTS: The V-C retotioiwWp was bell- 
shaped under control (Cnt) corKfitfone. AMR Increased 
the rate and magnitude of wHttraction and the Inward 
current. The reiationeNp broadened, but wa» stiO 
bell-shaped. In Na- and K-free conditions, AMR caused 
a significant Increase In Jew. during •S^^J? 0 *^ 

(cnt; 9.8*1,2 vs. ma, i3.?±i.e pwnF, p^).05). amr 

also caused a leftward ehm in me vo^o^parKlence 
of W activation (JXO.OS), CONCLj&IONS: AMR 
Increases Icl and SR Ca loading In PeVM. The bell- 
shaped V-C relationship in the presence of AMR f$ only 
consistent with W-induoed SR Ca release. There la no 
direct voltage-gated $R Ca release In mammalian 
cardiac myocytes. 



FUNCTIONAL SIGNIFICANCE OF PrMJKENERCIC 
RECEFI OR ACTIVATION IN HEART FAILURE 
Heeg^ie Cheng, Zhu-Shea Zhang t Katasye OntebL 
TomohQco Ulurt, David C. Saaa, Cbo-Pteg Cheng, Dept of 
Cardiology, Wake Foreat University School of Medicine, 
Wln*ton-Sakro,NC. 

We compared (wr*o«iyocyte steady-state ^-adrenergic 
rocBptois (AR) ndtKA and protdu levela, ijyocyte contractile 
performance, {Cs^l transicnL and Ca current (I<*l) 
responses to BRL-37344 (BRL, lO^M), a fo-AR agonist, in 
freshly Isolated LV caroMomyooyto obtained from 5 
instrumented dog* bofbto and alter pwu^-indueed CHF. 
Using KT-PCR with designed primers, we detected fc-AR 
mRNA ftora myocyte total RNA in each animal both before 
and after CHF. fc-AR mRNA expression and protein levels, 
assessed by Northern blot and Western blot, were signiScantly 
moreased in CHF myocytes than in normal myocytes. 
Importantly, these changes were a^oeiated with enhanced Pj- 
AR-mediated negative modulation on myocyte contractile 
response and [Ca a+ Ji regulation. Compared with normal 
myocytes, CHF myocytes had much greaser decreases in the 
velocity of ahortemng and relengthening with BRL, 
aeeompanfed by larg^- reductions in the peak systolic [Ca It 
transient and Ic*,l* These responses were not modified by 
pretreating myocytes with metoprolot (a pi-AR antagonist) or 
nadolol (a pr and pa-AR antagonisi), but were nearly 
prevented by bupranolot (a pyAR antagonist) or by FTX 
uicubanon. We 'conclude that in dogs with pacing-induced 
CHF, gene expression and functional response of cardiac (Jj- 
AR are up-regulated. This factor may contrimrte to 
progression of functional jsmairraent in CHF. 
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[Treatment of severe congestive heart failure with the beta-agonist fenoteroi (author's 
transl)]. 

[Article in German) 

IrmerM . Wollschlaaer H. JusfrH, 

Abstract 

The acute hemodynamic effects of the semiselective beta 2-stimulating compound Fenoteroi were studied in 7 patients 
with severe congestive heart failure (IV NYHA) as a result of a low-output-syndrome of varying aetiology (coronary heart 
disease/cardiomyopathy). The continuous infusion of Fenoteroi (2.5 micrograms/rnin for 60 min) induced the following 
changes in parameters of pump function: a slight but not yet significant fall of PCPm which we considered as a reference 
value of LVEDP from 24 +/- 9 to 20 +/- 6 mm Hg (13%); a highly significant increase in CI from 1.96 +/- 04 to 2.71 +/- 0.53 
l/min . m2 (39%; p less than 0.001) and in SVi from 18.7 +/- 4.9 to 24.8 +/- 8.1 ml/m2 (32%; p less than 0.01 ); a clear 
reduction of TPR from 1374 +/- 427 to 977 +/- 282 dyn . s , cm-5 (28%; p less than 0.001). PVR was reduced from 245 +/- 
1 58 to 192 +/-.85 dyn , s . cm-5 (n.s.). There were no significant changes in right ventricular filling pressure (1 5 +/- 8 to 15 
+/- 9 mm Hg), mean arterial pressure (76 +/- 17 to 75 +/- 16 mm Hg) and heart rate (107 +A 13 to 117 +/- 23 beats/min). 
The study Indicates that the "selective" beta 2~agonist Fenoteroi in severe congestive heart failure produces a significant 
improvement In pump function. We assume the increase in SV to be due to a positive inotropic effect - caused by beta 1- 
stimulation ** and a reduction of impedance to left ventricular ejection by decrease in TPR - caused by beta 2-stimuiatlon. 
Thus Fenoteroi seems to be useful in treatment of severe congestive heart failure with elevated TPR. 

PMID:61 1 41 86[PubMed - indexed for MEDLINE] 
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Recent Developments in the Design of Orally Bioavailable p3-Adrenergic 
Receptor Agonists 

Masaaki Sawa* and Hiroshi Harada 

Chemistry Research Laboratories, Drug Research Division, Dainippon Sumitomo Pharma Co., Ltd., 33-94 JSnoki- 

cho, Suita, Osaka 564-0053, Japan 

Abstract: The p 3 -adrenergic receptor (p 3 -AR) has been shown to mediate various pharmacological and 
physiological effects such as lipoiysis, thermogenesis, and relaxation of the urinary bladder, Activation of the 
p 3 -AR is thought to be a possible approach for the treatment of obesity, type 2 diabetes mellitus, and frequent 
urination. Therefore, the P3-AR is recognized as an attractive target for drug discovery. On the other hand, 
activation of the p r or p2~ AR can cause undesirable side effects such as increased heart rate or muscle tremors. 
Consequently, a number of recent efforts in this field have been directed toward the design of selective 
agonists for the P3-AR. This review summarizes recent advances in p 3 -AR agonists with an emphasis on recent 
attempts to create potent, selective and orally bioavailable small -molecule agonists. 

Keywords: P3 -adrenergic receptor, G protein-coupled receptor, agonist, obesity, type2 diabetes mellitus, frequent urination, 
lipoiysis, thermogenesis. 



INTRODUCTION 

p-adrenoceptors (P~ARs) belong to the superfamily of G 
protein-coupled receptors that consist of seven membrane- 
spanning domains, three intra- and three extracellular loops, 
one extracellular N-terminal domain, and one intracellular C- 
terminal tail [1]. At present three different p-AR subtypes 
have been identified using pharmacological methods and 
through cloning of the receptors [1, 2]. p-ARs were 
originally sub-classified into two different subtypes, pj- and 
P 2 -ARs by Lands et al. in 1967 based on the different 
physiologic effects of their Hgands [3]. This classification 
has greatly contributed to the elimination of adverse effects 
as seen with former p-agonists and led to the development of 
selective Pj- and P2-AR agonists/antagonists which have 
been useful in treating cardiovascular diseases and asthma 
nowadays [4]. In the early 1980s, the existence of a novel p- 
AR (P3-AR) was reported primarily in rat adipose tissue [5]. 
Subsequently, Emorine et al. was first to clone human P3- 
AR in 1989 and revealed that it mediated metabolic effects 
such as lipoiysis and thermogenesis in adipose tissues [6]. 
Accordingly, this third p-AR has come to occupy an 
important position in drug discovery highlighted by its 
potential role in obesity through its modulation of fat 
metabolism. 

The P3-AR is mainly located on the surface of both white 
and brown adipocytes and is stimulated by its endogenous 
Hgands, catecholamines, adrenalin, and noradrenaline. 
Recent studies indicate that p 3 -AR also exists in human 
heart, gall bladder, gastrointestinal tract, prostate, and 
urinary bladder detrusor tissues [2]. It has been suggested 
that stimulation of p 3 -AR results in various pharmacological 
effects such as lipoiysis and thermogenesis in adipocytes, 
reducing of colonic motility, and relaxation of the urinary 
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bladder detrusor. Therefore, a number of laboratories have 
been engaged in developing P3-AR agonists for the treatment 
of metabolic, gastrointestinal and urologic diseases such as 
obesity, type 2 diabetes, irritable bowel syndrome, and 
frequent urination and urinary incontinence [For recent 
reviews, see Ref. 7-12]. 

During the early stage of p 3 -agonist development 
(represented hereby, BRL-37344, 1, CL 316,243, 2 and 
CGP-12177A, 3), the optimization of agonists was 
conducted in rodent models for the modulation of adipose 
tissue in human. These compounds showed potent anti- 
obesity and anti-diabetic effects in rodent type-II diabetic 
models and subsequently entered clinical trials. However, 
these clinical studies have been discontinued because of 
insufficient efficacy, lack of selectivity (some adverse effects 
were observed such as increased heart rate and muscle 
tremors), and/or poor pharmacokinetics [12]. It was not 
revealed until later that, with experiments using cloned 
human receptors, these compounds not only had partial P3- 
agonistic activity but also showed moderate subtype 
selectivity because of structural differences between human 
and rodent p 3 -ARs [2, 13], These facts have led us to 
recognize the importance of using a cloned human receptor 
assay and that efficacy in the rodent model does not always 
effectively translate into the human system. Another 
important issue in the first generation of p3~agonists was 
their poor pharmacokinetics that seemed to result from their 
characteristic ethanolamine and carboxylic acids [14]. In 
succeeding years, a large number of p 3 -agonists have been 
synthesized and evaluated using cloned human receptors to 
ensure efficacy [7-9, 11]. In this review, we summarize 
recent attempts to create potent, selective and orally 
bioavailable P3-AR agonists. 

DEVELOPMENT OF fo-AR AGONISTS 

To date, numerous P3-AR agonists have been identified 
and evaluated in vitro and in vivo. The most important 
feature of these agonists is an aminoalcohol function flanked 



0929-8673/06 S5O.0O+.00 © 2006 Bentham Science Publishers Ltd. 



26 Current Medicinal Chemistry, 2006, Vol 13, No. 1 



Sawa and Harada 



by two aromatic regions, which corresponds to the 
pharmacophore of the endogenous ligands of ARs. Most 
early (^-agonists were designed to have carboxylic acids on 
the right-hand side (RHS) aromatic region since an acid 
functionality was found to enhance p 3 -AR selectivity [15, 
16]. However, developments of those agonists were often 
hampered because of low oral bioavailability. This low 
bioavailability is most likely due to poor oral absorption 
which may be attributed to its highly hydrophilic portions, 
the aminoalcohol and acid moieties. Consequently, recent 
efforts in this field have been directed toward mainly the 
optimization of the RHS region to find orally bioavailable 
P3-agonists since the aminoalcohol functionality is thought 
to be necessary for p 3 -AR binding. As for the left-hand side 
(LHS) aromatic region, a minimal variety of successful 
modifications has been reported thus far. This region, 
however, also contributes largely to both agonistic and 
intrinsic activity (IA). In the following discussion, we 
summarize progress in the optimization of both the LHS and 
RHS and also in the discovery of novel p 3 -AR agonist 
scaffolds. 

OH 



*C0 2 H 



1 (BRL 37344) 



OH 



2 (CL 316,243) 



^-NH OH 
3(CGP12177A) 

Fig. (1). Representative First Generation of p 3 ~AR Agonists. 



Modification of RHS 

Researchers at Merck explored a series of 
benzenesulfonamide p 3 -agonists and identified potent, 
selective and orally bioavailable compounds [17-26]. A 
hexylurea derivative 4 (L-757,793) was found to be a potent 
agonist of human p 3 -AR (EC 50 « 6.3 nM) with high 
selectivity over p r and p 2 -ARs (>1000-folds) [17]. The urea 
moiety, however, was detrimental to oral absorption due to 
its high polar property. When this compound was 
administered orally (10 mg/kg) to dogs, no serum glycerol 
response was recorded. Cyclization of the urea moiety in 4, 
to reduce the polarity, produced the cyclic ureido derivatives 
5 (L-760,087) and 6 (L-764,646). Although these 
compounds maintained potency and selectivity, they still 
showed poor oral bioavailabilities (7% in dogs) [18]. 
Introduction of a cyclopentane moiety at the terminal alkyl 
group (7, L-766,892) [19] and further optimization afforded 
the tetrazolone benzenesulfonamide analogue 8 (L-770,644) 
[20]. L-770,644 was a potent and selective p 3 -agonist (EC50 
- 13 nM, IA = 75%) with high selectivity over ft- (EC 50 « 
1900 nM, IA - 33%) and p 2 -ARs (EC 50 - 1800 nM, I A - 
26%), and showed > 100-fold selectivity against a panel of 
receptors and ion channels. In addition, this compound had 
significantly superior pharmacokinetics and its oral 
bioavailability was found to be 27% in both dogs and rats. 
Subsequent studies in the replacement of the tetrazolone 
with heterocyclics produced a number of potent £3 -agonists 
[21-26]. Among them, 4-(trifluoromethyl)phenyl thiazole 
analogue 9 (L-796,568) was a potent and selective agonist 
(EC 50 = 3.6 nM, IA - 94% for P 3 -AR; >1300 and >600- 
fold selectivity against p r and p 2 ~ARs, respectively) [26], 
This compound displayed good oral bioavailability in both 
dogs (%F .« 27) and rats (%F - 17), but low bioavailability 
in monkeys (%F - 4). It also had an exceptionally long half- 
life (tl/2 >8h) in all species tested [27]. This compound was 
> 100-fold selective for p 3 -AR when tested against a panel of 
receptors and ion channels, and therefore, was chosen as a 
clinical candidate. Further modification of the 
benzenesulfonamide group produced indoline analogues 10 
[28] and 11 [29], Indolinesulfonamide 10 had an EC 50 value 
of 0.93 nM (IA - 86%) and showed high subtype selectivity 
(IC 50 - 2600 and 1300 nM for Pj- and p 2 -ARs, 
respectively). In an in vivo study, i.v. administration of 
compound 10 in anesthetized rhesus monkeys evoked dose- 
dependent increases in lipolysis and energy expenditure [30]. 
Despite its high selective profile for monkey P 3 -AR (EC 50 - 
0.43 nM, IA - 80% for monkey p 3 -AR, >700-fold selective 
against monkey pj- and p 2 -ARs), compound 10 elicited 
facial flushing via peripheral vasodilatation and reflex 




Fig. (2). 
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tachycardia. It is not certain whether this P3-AR- evoked 
vasodilatation was a direct effect of P3-AR activation in the 
peripheral vasculature or was a secondary effect to the release 
or generation of an endogenous vasodilator. 

CL 316,243 (2) was identified by American Cyanamid 
(now Wyeth) to have potent activity for the rodent P3-AR 
[31], but was subsequently found to be a weak and partial 
agonist against the human fo-AR (EC50 * 1.15 uM, IA « 
63%) [32]. In addition, CL 316,243 showed low oral 
bioavailability mainly due to the dicarboxylic acid on the 
RHS [14]. In an effort to enhance potency for human P3-AR, 
further exploration was conducted by using a human receptor 
assay, and compound 12, possessing a unique piperidine 
ring on the RHS, was discovered as a lead. After subsequent 
optimization of 12, phenylpiperidines 13 [32] and 14 [33], 
in which the acid moieties were replaced by 2,4- 
thiazolidinedione and oxadiazolidinedione respectively, were 
found to be potent and selective human P3-AR agonists. In 
in vivo tests, both compounds showed significant 



thermogenic effects (30% increase in thermogenesis) in 
human fo-AR transgenic mice (Tg mice) when administered 
at a dose of 10 mg/kg. Further investigation of substituents 
on the RHS afforded sulfonamide 15, with a P3 -agonistic 
activity (EC 50 « 4 nM, IA - 100%) and >500-fold 
selectivity over and p 2 -ARs [34]. Concurrent studies on 
the optimization of the piperidine analogues gave another 
series of analogues which possess amino acids on the RHS 
[35]. Leucine analogue 16 (EC 50 - 8 nM, IA - 96%) 
showed an excellent agonistic profile and selectivity for p 3 - 
AR (K\ - >100 and 3.4 u\M against Pi and P2, respectively). 
Moreover, compound 16 elicited significant thermogenesis 
(53% increase) in Tg mice in vivo. 

The Wyeth group also examined other possible 
modifications to the piperidine scaffold and disclosed 4- 
aminomethylpiperidine 17 [36] and 4-aminopiperidine urea 
18 [37]. Both compounds were potent p 3 -agonists with good 
selectivity and exhibited thermogenesis effects in vivo. 
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Fig. (4). Structures of Indolinesulfonamide (J3-AR Agonists and Their Activity towards Human (3-ARs. 



Researchers at Bristol-Myers Squibb screened their 
compound library and identified a subset of hit compounds 
which were a structurally related series of 4-hydroxy-3- 
methylsulfonaniUdoethanolamines. Optimization of a lead 
compound having a phenethyl moiety on the RHS led to 
diarylethylamine 19 (BMS- 194449) [38], This compound 



showed potent activity for 0 3 -AR (Ki - 160 nM, I A - 77%) 
and good selectivity (Ki = 1280 and 1120 nM against (3j~ 
and fe-ARs, respectively). However, BMS-1 94449 had an 
unfavorable pharmacokinetic profile in rats; its oral 
bioavailability was less than 2%, mainly due to 
glucuronidation of benzylic and phenolic hydroxyl groups. 
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Fig. (6). Structures of Piperidine (S 3 -AR Agonists and Their Activity towards Human P~ARs. 



Intravenous administration of BMS-194449 to 6 volunteers 
showed no separation between the onset of lipolysis and p2~ 
AR mediated prolongation of the QT interval. Thus, further 
studies with BMS-194449 were terminated. 

Further optimization of the phenethyl analogue produced 
compounds 20 (BMS-196085, Ki =25 nM, IA = 95%) with 
an excellent selectivity against Pi and (VARs (Ki * 756 and 
125 nM, respectively) [39]. Unfortunately, BMS-196085 
showed poor oral bioavailability (<5%) because of extensive 
glucuronidation in monkeys. In an initial clinical proof-of- 
concept study, bolus i.v. administration of BMS-196085 
evoked increased levels of free fatty acids in the blood 
plasma. However, a 2-week continuous i.v. infusion of 
BMS-1 96085 resulted in tachycardia and failed to produce 
statistically significant changes in the resting metabolic rate. 

Further explorations of this phenethyl lead compound led 
to the identification of diethyl phosphonate 21 (BMS- 
201620), a potent p 3 ~agonist (Ki - 93 nM, IA « 93%) with 
excellent subtype selectivity (Ki = 4732 and 18042 nM for 
Pi- and p 2 -ARs, respectively) [40]. In an in vivo study in 
anesthetized African green monkeys, BMS-201620 showed a 
large safety margin between separation of p3-mediated effects 
and pj- and p 2 ~dependent events. This margin was superior 
to that of BMS-1944493 and BMS-196085, BMS-201620, 
however, showed unfavorable biophysical and PK profiles in 
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rats and African green monkeys, in a similar manner as 
former clinical candidates; its oral bioavailability was less 
than 1-2%. Despite its unfavorable PK profile, this 
compound was chosen as a clinical candidate. Intravenous 
administration of BMS-201620 to 6 volunteers produced no 
separation between the onset of lipolysis and prolongation of 
the QT interval, and thus, further studies were terminated. 

Glaxo Wellcome (now GlaxoSmithKline) disclosed a 
series of p3-agonists having an anilinophenylacetic acid on 
the RHS as exemplified by GR9803 (22) [41]. This 
compound was a potent full agonist of human P3-AR (EC50 
- 16 nM, IA » 117%) but showed moderate subtype 
selectivity. After an extensive structure-activity relationship 
(SAR) study on the RHS substituents, compound 23, which 
has an acylsulfonamide moiety as a carboxylic acid isostere, 
was identified as a potent and selective p3-agonist (EC50 - 
1.3 nM, IA = 98%) [42]. Despite its relatively short half-life 
(1.0 h) in dogs, compound 23 was found to be orally active 
in mice thermogenesis studies. 

In the early 1990s, Dainippon (now Dainippon 
Sumitomo) identified a series of indolylalkylamines as 
potent Pa-agonists. Extensive SAR study on substituents of 
the indole ring produced a potent and selective p 3 -agonist, 
AJ-9677 (24) [43, 44]. Interestingly, it is not only a potent 
full agonist of human P3-AR (EC50 0.062 nM, IA - 
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Fig. (7). Structures of P3-AR Agonists developed by Bristol-Myers Squibb. 
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Fig. (8). Structures of j3 3 -AR Agonists developed by Glaxo SmithKline. 



116%) but also a strong full agonist of rodent P3-AR (EC50 
- 0.016 nM, IA - 110%). Chronic oral administration of 
AJ-9677 to genetically diabetic obese KK-Ay/TA mice for 
14 days significantly inhibited body weight gain and 
decreased glucose, insulin, free fatty acid (FFA), and 
triglyceride concentrations in plasma [45], Moreover, AJ- 
9677 resulted in a marked increase in the expression of 
uncoupling protein- 1 (UCP-1) in white adipose tissues (20- 
to 80-fold) and upregulation of GLUT4 mRNA and protein 
levels in both white and brown adipose tissues, AJ-9677 
reduced the total weight of white adipose tissue by 
converting large adipocytes into small adipocytes through 
increased lipolysis and the induction of UCPs that are 
associated with the reduction of TNF-a and FFA levels. On 
the basis of this pharmacological profile, AJ-9677 entered 



into clinical development as a drug for the treatment of type 
2 diabetes and obesity in 1999. Unfortunately, while there 
has been no safety concerns during the course of the trials, 
these clinical studies have not been able to show enough 
efficacy to continue the further development of this agent 
[46], 

Subsequent optimization of the indole derivatives 
identified a thiophenesulfonamide derivative 25, which 
substituted a methansulfonate group in place of the terminal 
carboxylic acid [47]. Compound 25 was found to be a 
highly potent P3-AR agonist (EC 50 - 0.21 nM, I A - 97%) 
with excellent selectivity for fo-AR over pj- and p 2 -ARs 
(210- and 86-fold, respectively). Unfortunately, this 
compound had extremely low oral bioavailability due to the 
lack of cellular permeability. Further effort investigating the 
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effect of various substituents on the indole ring identified a 
series of 1,7-cyclized indole analogues [48]. Among them, 
compound 26, an eight-membered ring analogue with a 
double bond on its 1,7-linker portion, was found to be a 
potent p 3 -AR agonist (EC 5 o ** 0.75 nM, IA - 90%) with 
extremely high selective profiles for pj-AR over pp and fe- 
ARs. In addition, this series of 1,7-cyclized indole 
derivatives all showed high cellular permeability in Caco-2 
cell membrane assays. These results revealed the potential of 
1,7-linked tricyclic mdole-based derivatives as a new leading 
set of candidates for human p 3 -AR agonists with good oral 
bioavailability. 

Researchers at Pfizer have developed a series of 
sulfamide-based human p 3 -AR agonists [49]. cis-3,5- 
Dimethylmorpholinylsulfamide 27 was found to be a potent 
p 3 -agonist (EC 50 - 8 nM, IA - 85%) and showed high 
selectivity against Pr and p2"ARs (>1300- and >200-fold, 
respectively). Although the bioavailability of compound 27 
was not determined, this compound showed low human 
microsomal intrinsic clearance. In vivo, compound 27 
produced a 35% increase in oxygen consumption relative to 
the control animals when dosed orally in rats at 30 mg/kg. 
The fact that a similar in vivo response was seen from 
intraperitoneal administration suggests compound 27 has 
good oral absorption. 



Phenylurea 28, discovered by the Fujisawa group (now 
Astellas), is a highly potent agonist of human P3-AR (EC50 
- 0.5 nM) with excellent selectivity over pj- and P2-ARS 
(40- and >200-fold, respectively) [50]. Interestingly, this 
compound has a characteristic hydroxymethyl group at the 
alpha position of the aminoalcohol, and removal of this 
hydroxymethyl group resulted in a decrease of both potency 
and selectivity. Pharmacokinetic studies of compound 28 
revealed that it has different oral bioavailability between rats 
and dogs (F » 1.1% and 20.3%, respectively). These results 
were attributed to differences in metabolic stability between 
species. 

Benzodioxine derivative 29 (N-5984), synthesized by the 
Nisshin Flour Milling group, showed good agonistic 
potency for P3-AR (EC50 - 1.7 nM) but partial intrinsic 
activity (IA =» 52%) [51]. In the binding assay, the Ki value 
of N-5984 (Ki - 30 nM) was 14 and 220 times more potent 
than those of BRL37344 and CL 316,243, respectively. N- 
5984 is currently under clinical evaluation. 

In the early 1990s, Sanofi-Midy (now Sanofi-Aventis) 
identified a series of phenylethanolaminotetralins (PEATs) 
as selective p 3 -AR agonists in rodents [52], In the series of 
PEATs, SR-58611A (30) was found to have an excellent 
profile as a Pj-AR agonist [53]. SR-58611A was a potent 
inhibitor of rat colonic motility (EC50 = 3.5 nM) with 
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minimal cross-reactivity on guinea-pig atrium or rat uterus 
(EC50 > 30000 and 500 nM, respectively). In vivo studies 
showed that SR-58611A had a good bioavailabiliy and 
colonic selectivity in conscious rats and dogs. SR-58611A 
was developed as a potential treatment for irritable bowel 
syndrome and obesity, and then for depression. In a clinical 
study for assessment of the effects of SR-5861 1A on rectal 
sensory thresholds and compliance during isobaric 
distension (40 or 240 mg, p.o.), SR-58611A significantly 
increased the threshold for pain compared with placebo (p < 
0.01). Neither dose significantly affected rectal compliance 
[54]. 

Recently, it has been suggested that p3-ARs play a 
significant role in urinary storage [55-60], In order to 
discover a new approach for the treatment of urinary bladder 
dysfunction, the Kissei group has employed ritodrine 31 (a 
P2-AR agonist), as a lead compound and synthesized a series 
of the ritodrine derivatives [61-64]. Dichloroaniline 32 
(EC 50 = 14 nM, IA - 85%) exhibited potent p 3 -AR~ 
mediated relaxation of ferret detrusors and high subtype 
selectivity based on experiments using rat atriums (pj-AR, 
2071-fold) and rat uterus (p 2 -AR, 1000-fold) [61]. 
Compound 32 also showed nearly full agonistic activity to 
the cloned human P3-AR. The intravenous administration of 
this compound significantly reduced urinary bladder pressure 
in anesthetized male rats (ED 5 q - 48 |ig/kg) without 
cardiovascular side effects due to pi- or P2-AR mediation. 

A more recent study showed that both P2- and P3-ARS 
coexist in the human ureter and that these receptors mediate 
relaxation induced by adrenergic stimulation, P2- and P3-AR 
dual agonists therefore might prove clinically useful for 
relieving ureteral colic and promoting stone passage [65, 
66], Phenoxyacetic acid 33 (KUL-7211) was found to be a 
potent and selective p 2 - and p3-dual agonist in an isolated rat 
organ assay [64]. They determined the selectivity of this 
dual agonist for both P2 and p 3 -AR against Pi-AR based on 
the ratio of inhibition of spontaneous uterine contraction {via 
p 2 -AR stimulation) or inhibition of colonic contraction (via 
P3-AR stimulation) versus an increase in atrial rate (via pi- 
AR stimulation), respectively. The selectivity of KUL-7211 
for p 2 and P3-AR were 56.3 and 242.2-folds, respectively. In 
addition, KUL-721 1 relaxed KCl-induced tonic contractions 
in both rabbit (EC50 - 1 .4 \iM, whose ureteral relaxation is 
mediated via P2-AR stimulation) and canine (EC50 = 0,30 
jxM, via P3-AR stimulation) isolated ureters in a 
concentration dependent manner. Currently, clinical 
evaluation of KUL-721 1 is ongoing. 

Modification of LHS 

The majority of P3-AR agonists described to date possess 
a 3-chlorophenyl group attached directly to the aminoalcohol 
framework. This was discovered by Beecham as the first p 3 - 
AR agonist, BRL37344 [5, 67, 68], Bristol-Myers Squibb 
and Wyeth independently have reported a series of 4- 
hydroxy-3-methyIsulfonanilidoethanolamine derivatives, 
which are potent agonists of human p 3 -AR as described 
above. Researchers at Dainippon reported a series of 
arylsulfonamide derivatives such as compound 25 [47, 69], 
which have excellent agonistic profiles in vitro but poor oral 
bioavailability in rats due to low cell permeability [70]. In 
an effort to improve their oral bioavailability, the effect on 
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both their agonistic potency and Caco-2 cell permeability by 
replacing the sulfonamide portion on the LHS was 
investigated [70]. Replacement of the benzenesulfonamide 
moiety on the LHS with benzenesulfonate, benzyloxy, 
benzylamine, or methylation of the N-H proton on the 
benzenesulfonamide resulted in remarkable improvements in 
cell permeability. This indicated that the sulfonamide 
portion is detrimental to cell permeability. Introduction of 
cinnamylamine on the LHS provided compound 34, which 
is a potent agonist of p 3 -AR (EC 5 p - 1.0 nM, IA - 97%) 
and exhibited good oral bioavailability in rats (21%). 

Aryloxypropanolamines are another structural class of p 3 - 
AR agonists originally derived from p-blocker agents. 
Several groups have explored aryloxypropanolamine 
derivatives and disclosed potent and selective agonists of 
human P3-AR [50, 71-81]. Aryloxypropanolamines, 
however, often exhibit strong antagonistic activity towards 
Pj and P2 receptors which may cause unwanted side effects 
[32, 77]. CGP 12177 (3) was initially described as a high- 
affinity antagonist of p r and p 2 -ARs [82, 83], and later it 
was demonstrated to be a partial agonist of the rodent and 
human p 3 -AR [84-86]. The relatively high potency of CGP 
12177 has prompted the development of other P3-AR 
selective aryloxypropanolamines with higher efficacies, such 
as LY-362884 (35), which was developed by Eli Lilly [79]. 
Further optimization on the left-hand side of LY-362884 
produced compound 36 (LY-3 77604), an orally available 
carbazole analogue with a potent p 3 -AR agonistic activity 
(EC 50 - 4 nM) [80, 81]. LY-377604 entered into clinical 
development as a drug for the treatment of type 2 diabetes 
and obesity. 

The Wyeth group has reported novel cyclic sulfonamide 
derivatives with aryloxymethyl groups on the LHS, 37 and 
38, that are potent P3-AR agonists and have excellent 
selectivity against Pi- and P2-AR [77, 78]. Compound 37 
was active in vivo in p 3 transgenic mice with a 30% increase 
in thermogenesis when dosed intraperitoneally at 10 mg/kg 
[77]. 

In 1998, Merck proposed a series of aryloxypropano- 
lamines with an arylsulfonamide on the RHS [72-74]. The 
n-hexyl urea analogue 39 (L-75 5,507), displayed an excellent 
activity profile as an extremely potent human P3-AR agonist 
(EC50 * 0.43 nM), with >440-fold selectivity over Pi and 
p2 binding [73]. Furthermore, it was only a weak partial 
agonist of pi- and P2-AR (IA = 25 and 2%, respectively). 
Acute exposure of rhesus monkeys to L-555,507 elicited 
lipolysis and metabolic rate elevation, and chronic exposure 
(4 weeks) increased UCP-1 expression in rhesus brown 
adipose tissue [87]. Unfortunately, this compound had 
extremely poor Oral bioavailability (<1% in dogs) 
presumably due to the polar and highly solvated urea moiety 
[74], 

Substitution of both the phenol on the LHS and the urea 
portion on the RHS led to 3-pyridyloxypropanolamine 40 
(L-750,355), which was a selective partial agonist of the 
human p 3 -AR (EC 50 - 10 nM, IA - 49%) [74]. While the 
oral bioavailability in rats of L-750,355 was still low (4%), 
significant improvement in its oral bioavailability was 
observed in dogs (47%). This result indicated that the 
replacement of the phenol in the phenoxypropanolamine 
series with a pyridine moiety results in an increased oral 
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bioavailability, particularly, in dogs. Despite its highly 
selective profiles in monkeys, intravenous administration of 
L-7 50,3 55 to anesthetized rhesus monkeys evoked dose- 
dependent glycerolemia and tachycardia [88], The {S- 
blocker, propranolol, completely inhibited L-750355- 
induced tachycardia but did not block L-750355-induced 
lipolysis, suggesting that the increase in heart rate was 



mediated via activation of p r AR. These observations 
suggested that L-750355-induced tachycardia may not have 
been mediated via direct activation of cardiac pj-AR. Rather, 
it might be reflexogenic in origin, consequent upon evoked 
increases in metabolic rate and direct P3-AR mediated 
peripheral vasodilatation [30]. 
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Fig. (11), Structures of p r AR Agonists having various LHS and Their Activity towards Human p~ARs. 
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Development of New Scaffolds 

It would be of great interest to investigate alternative 
scaffolds to the aminoalcohols used in typical P3-AR 
agonists because the highly hydrophilic aminoalcohol 
moiety is often detrimental to oral absorption. 
Trimetoquinol 41 (TMQ), used clinically in Japan as a 
bronchorelaxant, is a known potent P3-AR agonist (EC50 ■ 
1.7 nM, IA = 92%) [89, 90], but exhibits only marginal 
selectivity over the pi and P2-ARS [91]. Some laboratories, 
therefore, have focused on structural modifications of TMQ 
in order to develop selective P3-AR agonists [91-93]. 

Merck has disclosed a novel series of P3-AR agonists 
derived from TMQ [91]. 4,4-Biphenyl derivative 42 is of 
particular interest because it was a very potent fo-AR agonist 
(EC50 6 nM, IA = 91%) and exhibits excellent selectivity 
over binding to p r and p 2 -ARs (>300-folds). 

Researchers at the University of Tennessee have 
investigated catechol bioisosteres in an effort to improve the 
selectivity of TMQ [92, 93]. Aminothiazole 43 was found to 
be a partial agonist of P3-AR (EC 50 - 1 12 nM, IA = 67%) 
and did not activate p|- and p2~ARs. It had, however, weak 
binding affinity for P3-AR (Ki - 1480 nM), and thus, did 
not show any selectivity over binding to p|- and p2~ARs (Ki 
- 724 and 427 nM, respectively) [92], 



CONCLUDING REMARKS 

To date, numerous P3-AR agonists have been identified, 
of which several compounds have entered clinical trials for 



different indications including type 2 diabetes, obesity, 
depression, irritable bowel syndrome, and overactive 
bladder. Several excellent reviews on these compounds in 
clinical trials have been published [2, 10-12, 94]. 
Nevertheless, most clinical studies of early P3 -agonists have 
been discontinued because of a lack of efficacy and/or oral 
bioavailability. The failure of most clinical trials with these 
early p 3 -agonists seems to be attributed to the lack of 
agonistic activity and/or moderate selectivity for the human 
receptors since these compounds were developed based on 
rodent models. Namely, antagonistic and/or agonistic 
activity for Pr and p 2 -receptors results in unwanted side 
effects such as tachycardia and/or tremors [95, 96] that limits 
the treatment dose. These clinical findings reinforced the 
importance of developing selective p 3 -AR agonists using 
cloned human receptor assays. 

Although clinical developments of the early ^-agonists 
were disappointing, several orally active p 3 -agonists are still 
currently under clinical trails as shown in Table 1. Despite 
the promising effects of P3-AR agonists in rodents, some 
clinical trials for the treatment of obesity and diabetes have 
been halted presumably due to lack of efficacy in humans 
[94]. In rodents, P3-ARS are abundantly expressed in white 
and brown adipose tissues [97]. In humans, however, p 3 - 
ARs are abundant in brown adipose tissues, but only modest 
amounts of (5 3 -AR mRNA have been detected in white 
adipose tissues [98]. Consequently, therapeutic use of P3-AR 
agonists for the treatment of obesity and diabetes in humans 
seems to be open to questions. Recent studies indicate that 
the amount of brown adipose tissues in human, the key 
tissues for energy expenditure, may be insufficient to 




HO, 



OMe 



OMe 



OMe 

41 (Trimetoquinol, TMQ) 





OMe 



42 



- JO 



ECso(IA) & 6nM(91%) 

ft 1800 nM (44%) 
P2 340nM(67%) 



IC50 



ftj 9.4 nM 
P, 3000 nM 
fa 3400 nM 



EC 50 (IA) 



Ki 



P 3 H2nM(67%) 

Pi (<5%) 

P2 (<5%) 

B 3 1480 nM 

&i 724 nM 

P2 427 nM 



Fig. (12). Structures of TMQ-based p 3 -AR Agonists and Their Activity towards Human j3-ARs. 



Recent Developments in the Design of Orally Bioavailable 

Table 1. Summary of p 3 ~AR Agonists in Current Clinical Trials 



Current Medicinal Chemistry, 2006, Vol 13, No, 1 35 



Product [Ref.] 


Company 


Highest Development Phase 


Indication 


SR-58611 [99] 


Sanofi-Aventis 


Phase III 


Depression 


Solabegron 
(GW-427353) [101] 


GlaxoSmithKline 


Phase II 


Type 2 diabetes, 
Overactive bladder 


L-796568 [104, 105] 


Merck 


Phase II 


Obesity 


LY-377604 [106] 


Eli Lilly 


Phase I 


Type 2 diabetes, Obesity 


YM-178 [102] 


As te lias 


Phase II 


Overactive bladder 


KUC-7483 [103] 


Kissei (Originator) 
Boehringcr Ingelheim 


Phase I 


Overactive bladder, 
Urinary incontinence 


KUL-7211 [103] 


Kissei 


Phase I 


Urolithiasis 


N-5984 [107] 


Nisshin Kyorin 


Phase II 


Type 2 diabetes, 
Obesity 



produce satisfactory metabolic effects by P3-AR agonists. 
More fundamental information will be necessary to elucidate 
whether or not more satisfactory results can be achieved with 
P3-AR agonists for the treatment of obesity and Type 2 
diabetes. 

Other potential therapeutic uses of P3-AR agonists are for 
the treatment of depression, irritable bowel syndrome, and 
overactive bladder (Table 1). SR-58611 is currently being 
evaluated in Phase III trials for depression in France [99]. In 
a Phase Ila trial in patients with severe recurrent depression, 
SR-58611 was well tolerated and showed superior efficacy 
compared to fluoxetine (Selective Serotonin Reuptake 
Inhibitor, SSRI). A Phase lib study demonstrated 
comparable efficacy and tolerability to paroxetine (SSRI). 
However, it is still unclear whether the antidepressant effect 
by SR-58611 is mediated via P3-AR activation because P3- 
ARs appear to be absent in the brain in both rodents and 
humans [2, 100]. SR-58611 was also in phase II clinical 
trials for irritable bowel syndrome in France but no recent 
development has been reported for this indication [99]. 
Solabegron (GW-427353) [101], YM-178 [102], KUL-7211 
and KUC-7483 [103] are currently in Phase I/II clinical trials 
for the treatment of overactive bladder, urinary incontinence, 
or urolithiasis but no detailed information is available. 

Continuing clinical studies will clarify the physiologic 
effects mediated by P3-AR and elucidate the potential 
therapeutic uses of P3-AR agonists in humans. 
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Abstract 

The sympathetic nervous system is central for the neurohumoral regulation of the cardiovascular system and is largely involved in many 
cardiovascular diseases affecting millions of people around the world. It is classically admitted that {^-adrenoceptors (|VAR) of the and [V, 
subtypes mediate the effects of catecholamines on the force of contraction of cardiac muscle, and on the relaxation of vascular smooth muscle. 
However, the molecular characterization in 1989 of a third f^-AR subtype, f\i, and later its identification in human heart has changed the 
classically admitted paradigm on the regulation of heart function by the ^-adrenergic system. In blood vessels, ftyAR, like )3| and produced a 
relaxation. But at the present lime, the physiological role of j^-AR is not clearly identified. Thus, the purpose of this review is to summarize the 
pharmacological and molecular evidence supporting the functional roles of (A3-AR in cardiovascular tissues of various species, including humans. 
In addition, this review discusses the potential role of ftj-AR in several cardiovascular diseases and emphasizes their putative involvement as new 
therapeutic targets. 

€> 2006 Elsevier Inc. All rights reserved. 

Keywords; (^-adrenergic recepiors; Heart; Vessels; Contractility; Heart failure; Hypertension 

Abbreviations: |i-AR. |3 -adrenoceptor; cAMP. cyclic adenosine monophosphate; BRL 37344, 4-[-[2-hydroxy-f3-ehloropheny))ethyl-aminoJpropyl]phenoxyacctaie; 
CHO, Chinese hamster ovary; CL 3 16 243, 5-(2-{t2-(3-eh}orophcnyl)-2-hydroxyetliyl]-amino}propyl)-l,3-ben^odioxolc-2,2-dicarho.\ylate; cGMP, cyclic guanosinc 
monophosphate; CGP 12177A, 4-[3^buryiamino-2~hydroxypropoxy3benzinudazol-2-one; CFTR, cystic fibrosis transmembrane conductance regulator; cNOS. 
endothelial nitric oxide synthase; L-748,328. (S)-A^[4-[2-([3-[3-(ami-nosulph L-748,337. 
(.S>/V-[4-[2-[[3-[.V(acetamidometuyl)pheuoxy]-2~h^ L-NMMA, A^'-mouomethyi-L-arginine mononcetate; 

NO. nitric oxide; PGR, polymerase chain reaction; PKA. cAMP-dependent protein kinase; SR 5861 1 A, («.S0-A^-{;(25)-7-efhoxycarbonylmethoxy-L2,3.4- 
tetrahydronaph(-2-yl]-(2)-2-(3-chlorophenyl)-2 hydroethanamide hydrochloride; SR 50230 A, 3-(2-ethylphetioxyVI-[(LV)l.2,34-te[rahydronapht-l-ylaminol}-(2.S)-2- 
propanol oxalate; TG^3. mice overexpressing human }V»drenoceptorx in cardiomyocytes. 
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1. Introduction 

The sympathetic nervous system is central for the 
neurohumoral regulation of the cardiovascular system and is 
largely involved in many cardiovascular diseases affecting 
millions of people around the world. During the 1980s, the 
classification of f> -adrenoceptors (fi-AR) into 2 subtypes (f*i 
and p 2 ) (Lands et al., 1967) was challenged. Thus, it is now 
known that 3 different subtypes, (V* (V ancl fVAR, could at 
least participate in the regulation of cardiovascular function. 
HvAR differs from |$ r and (VAR subtypes by its molecular 
structure and pharmacological profile. Its stimulation pro- 
duces specific effects in the cardiovascular system. This 
review will present an overview of characteristics of $3-AR 
and reports on the presence and the roles of fo-AR in the 
cardiovascular system and their potential involvement in 
different pathologies. 

2. Structure and characteristics of p 3 -adrenoceptors 

2. /. Gene 

The gene encoding human j3.*-AR was cloned in 1989 
(Emorine et al., 1989). Since then, the gene has been cloned in 
rat, mice, bovine, monkey, dog (for review, see Strosberg, 
1997), sheep and goat (Forrest & Hickford, 2000). Unlike the 
genes encoding (V and h 2 -AR, the gene encoding p 5 -AR 
contains introns. The existence of several exons raises the 
possibility of alternative splicing and thus of different receptor 
isoforms with putative distinct pharmacological properties. 
Among the different species previously cited, variations in 
length and amino acid content of the sequence of the C-terminus 
tail have been repotted (Fig, I ). 

In human, the gene is localized on chromosome 8. The 
number of exons and introns is controversial. The first 
structure proposed was 2 exons and 1 intron. The first exon 



of 1.7 kb has a high homology with rodents. It encodes for 
the first 402 amino acids of the receptor. The second exon 
encodes the last 6 amino acids of the C-terminus tail and the 
3' region not translated from the mRNA (Granneman et al,. 
1992, 1993; Van Spronsen et al. f 1993). This structure of 2 
exons and 1 intron has also been described in dogs and 
monkeys (Walston et al, 1997; Lcnzcn et al., 199S). Thus, 2 
putative isoforms with various C-terminus tails could exist 
(Fig. 1): an isoform of 402 amino acids (isoform A) and an 
isoform with 6 additional amino acids (isoform C). Another 
structure with 3 exons and 2 introns has also been proposed 
for the human gene (Fig. I; Lcvasscur et al,, 1995), However, 
the alternative splicing site for the second exon seems to be 
not functional (Granneman et al., 1992) and strengthens the 
first hypothesis of a structure with 2 exons. 

In rats and mice, the gene encoding (\i-AR contains 3 exons 
and 2 introns. The first exon of 1 .4 kb encodes the first 
388 amino acids. In rat, the second exon of 0.7 kb encodes the 
last 12 amino acids of the C terminus tail. In this species, 
2 isoforms of fo-AR could be expressed; A and B isoforms of 
388 and 400 amino acids, respectively (Fig. I ; Van Spronsen et 
al., 1 993). In mice, 2 sites in the exon 2 allow an alternative 
splicing leading to 2 isoforms, fi u and IV™ (Evans et al,, 1999). 
The fob-AR encoded by the alternately spliced mRNA has a C- 
terminus that has 17 amino acids following the sequence 
encoded by the first exon region compared to 13 in the known 
receptor (ft 3 «-AR) (Fig. 1). f^b-AR mRNA is differentially 
expressed in mouse tissues, with levels relative to [^ a -AR 
mRNA highest in hypothalamus, cortex and white adipose 
tissue, and lower in ileum smooth muscle and brown adipose 
tissue (Evans et al., 1999). 

2.2. Protein 

The [\ r AR, as well as fV and [VAR, belongs to the G 
protein-coupled receptors characterized by 7 transmembrane 
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Fig. 1. Putative structures of fa-AR isoforms obtained after alternative splicing in human, rat and mice, aa: amino acid: E; exon; i; inlron. 



domains of 22-28 amino acids and having 3 intracellular and 3 
extracellular loops (Fig. 2). The N-terminus of all 3 p~AR is 
extracellular and glycosylated, whereas the C-terminus is 
intracellular. The transmembrane domains, TM3, TM4, Trvf5 
and TM6 are essential for ligand binding (Strosberg & Pietri- 
Rouxel. 1996). The disulphidc bond between CysIlO in the 
second and Cysl89 in the third extracellular loops is essential 
for ligand binding and activity of the receptor (Moffeti et al., 
1993). Amino acid sequence homology between p» r , and 



N-glycosylation sites 



Extracellular 



Membrane 



intracellular 




|i 3 -AR is 40-50% in both man and rat and is restricted almost 
exclusively to the 7 transmembrane segments and to most of the 
membrane-proximal regions of intracellular loops. The rat and 
human f,-i. r AR are 79% identical; the biggest homology is in the 
transmembrane domains (94%) whereas the lowest homology is 
observed in the C-terminus tail and the third intracellular loop. 

p> 3 -AR differ from classical [l r and p 2 -AR in their 
regulatory properties. It is known that desensitization of [?> r 
and fVAR responses upon agonist stimulation involves 



Disulphide bond 



Palmiloylatiort sites 



No phosphorylation 
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B-ARK 
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Fig. 2. Primary structure of human |t r AR. The dark circles represent amino acids identical in the three |*-AR subtypes, e: extracellular region; i: intracellular region; 
TM: transmembrane domain. 
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phosphorylation of occupied receptors, uncoupling and inter- 
nalization (Summers et al.; 1997). Both fr r and ff> 2 -AR have 
serine and threonine residues in the C-terrninus tail that act as 
substrates for G protein -coup led receptor kinases, and consen- 
sus sequences for phosphorylation by cyclic adenosine mono- 
phosphate (cAMP)-dependent protein kinase (PKA). The fo- 
AR lacks a PKA phosphorylation site, and has fewer serine and 
threonine residues in the C- terminus tail. It has been shown that 
the fo-AR was resistant to short term agonist-promoted 
desensitization. Studies on chimeric fVfVAR show tnat 
domains within the C-terminus tail and in second and third 
intracellular loops of the |A 2 -AR were the major determinants of 
desensitization (Liggett et al., 1993; Jockers et al,, 1996). Thus, 
in human myometrium, fo-AR undergoes functional desensi- 
tization after long-term exposure to salbutamol, which is 
associated with a significant reduction of the number of IV 
AR binding sites. In contrast, a sustained stimulation of |.V r AR 
did not modify their subsequent functional effects and the 
number of (5 3 -AR binding sites remained unchanged after such 
treatment (Rouget et al, 2004). Thus, these data suggest that 
following prolonged activation by the sympathetic nervous 
system, the fi 3 -adrenergic response may be preserved while the 
(V and [^-adrenergic responses are diminished. 

In mice, it has been shown that the fV {b -AR differs from the 
;{3., a -AR by the presence in the C-terminal tail of 2 additional 
serine residues. These are potentially important targets for 
phosphorylation and may thereby mediate desensitization of the 
j& 3b -AR (Evans et ah, 1999). Thus, it will be of interest to 
determine whether the mouse f^ b ~AR demonstrates a greater 
tendency towards phosphorylation and associated desensitiza- 
tion. To the best of our knowledge, the desensitization has been 
mainly studied in Chinese hamster ovary (CHO), adipocytes 
and digestive tract, and no data are presently available in the 
cardiovascular system. 

Quantification of the £ 3 -AR protein in comparison with 
other p-AR subtypes has been proved to be difficult. 
Radioligand binding studies have been performed with [ l25 I] 
cyanopindolol and [*H] 4^3-/-butyiamino-2-hydroxypropoxy] 
benzimidazol-2-one (CGP 12 177 A). However, those com- 
pounds showed low potency for the | J > 3 -AR and bound to (V 
j^-AR and also to the low affinity state of h r AR. A tritiated 
enantiomer of the \\ r AR agonist, 4-[-[2-hydroxy-(3-chloro- 
phenyl)ethyl-amino]propyl]phenoxyacetate (BRL 37344), was 
shown to bind a single population of sites in rat brown adipose 
tissue but its use has not been reported in tissues with lower 
expression levels (Klaus et til., 1995). 

3. Pharmacology of £ 3 -adrenoceptors 

(VAR are pharmacologically characterized by a set of criteria 
that include (I) high affinity and potency of selective agonists 
such as BRL 37344, 5-(2-{[2-(3-chlorophenyl)-2-hydroxyethyl]- 
amino} propyl)- l,3-benzodioxole-2,2-dicarboxylate (CL 316 
243) and (^5)-//-[(25)-7-ethoxycarbonylmethoxy-l ,2,3,4-tetra- 
hydronapht-2-yl]-(2)-2-.(3-chlorophenyl)-2 hydroethanamide hy- 
drochloride (SR 58611 A) (Arch & Kallmann, 1993; Emorine et 
al, 1994; Strosberg & Pietri-Rotixel, 1996); (2) partial agonistic 



activity of several (V and/or IVAR antagonists, such as CGP 
12 177 A (Liggett, 1992; Blin ct al, 1993; Kaumann & 
Molenaar, 1996), bucindolol (Blin et al., 1993) and pindolol 
(Blin et ah. 1993); (3) atypically low affinity tor conventional 
p^-AR antagonists such as propranolol and nadolol. For a long 
time, (3-rAR has been also characterized by an atypically low 
stereoselectivity index for reference agonist and antagonist 
enantiomers as compared to those repotted for \\ r and IVAR 
(Arch & Kaumann, 1993; De Ponti et al., 1996). However, 
some saidies performed with $y.AR antagonists show different 
effects between S\S enantiomer (3 -(2-ethy I phenoxy )-!-[( IS) 
l,2,34-tetrahydronaphM-yIaminol]-(26>2-propanol oxalate, 
SR 59230A) and R,R enantiomer (SR 59483A) (De Ponti el 
al., 1996; Manara et al., 1996). More recently, it has been 
shown that the degree of stereoselectivity varied between 
species; the human JVAR displayed higher affinities and 
enantiomeric ratios than the mouse or rat IVAR. Tne degree 
of stereoselectivity was relatively low for the agonists, 
isoproterenol and norepinephrine, but was higher for antago- 
nists and, in particular, tertatolol and propranolol (Popp ct al., 
2004). 

3.L Agonists 

{VAR is activated by catecholamines (Table 1 ) but at higher 
concentrations than |i r and (Ao-AR with a K\ of 1 uM 



Table 1 

Chemical structure o f several ft.yAR agonists and antagonists 
Catecholamines: 



\ oH ff \i— CH— C1K NH R 



No selective {5-AR agonists (pY pV [5.0: norepinephrine, epinephrine, 
isoproterenol 

Phenylethanotamines: 




Preferential pVAR agonists: BRL 37344. SR 5861 1 A. CL 316 243 
A ryloxypropanola mines: 




Preferential (Jj-AR agonists: L 755.507, ICI 201,651 
Partial |J r AR agonists: CGP 1 2 1 77 A. L 755,507. pindolol 

Nov-'LVtn. p AR ,iu:;« i»ii!si »£' !>• 0 : r*tor:.u:««u*i 
sohH:i=\e j >---\R ,;ni;u.'<m^.y I "•;•-..-;;>. t ~ ^£ sk y-C^A 

R is specific of a given compound. 
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(Strosbcrg, 1997) suggesting that WAR could be activated in 
situations where catecholamine tone is high. fo-AR are 
activated with high affinity and potency by selective agonists 
belonging to 2 different classes. The first class comprises the 
phenylethanolamines (Tabic 1), including BRL 37344 (Arch et 
al., 1984), SR 5861 1 A (Bianehetti & Maiiara, 1990) and CL 3 16 
243 (Dolan et al., 1994). However, some of those compounds 
such as BRL 37344 and SR 5861 1 A also possess low affinity 
for fV and fiWVR (Dolan et al., J 994). The second class 
includes the aryloxypropanolamines (Table 1), such as CGP 
12 1 77A (Pietri-Rouxel & Strosberg, 1995, Lenzen et al., 1998) 
and cyanopindolol. CGP 12177A is a '(*.,- and JV 2 -AR 
antagonist, and a weak |i 3 -AR agonist. As it is generally 
observed with agonists of G protein-coupled receptors, the 
efficacy and potency of CGP 1 21 77 A as a [S 3 -AR agonist varies 
dramatically with the expression level of the fl 3 -AR (Wilson et 
al., 1996). It is important to note that mouse p 3a ~AR and |^ 3b - 
AR expressed in CHO cells shared similar affinity and potency 
for all p~AR iigands examined (Hutchinson et al, 2002). 

Studies performed in vitro and in vivo described the 
complexity of (* 3 ~AR phannacology suggesting a pronounced 
inter-species variability and the heterogeneous pharmacological 
profiles of fVAR agonists in a given species. For example, 
agonists display significant differences in efficacy and potency 
between rodent and human JS3-AR. In addition, affinity and 
potencies differ according to the assay. Some (5 3 -AR agonists 
have been evaluated by measuring cAMP accumulation in 
whole cells transfected with the human fo-A'R, whereas others 
were tested in isolated membranes to measure cAMP production 
by adenylyl cyclase (Sennitt et al., 1998). Not only were 
agonists usually more potent in the whole cell assay, but relative 
potencies differed between the 2 assays; the phenylethanola- 
mine being more potent relative to the aiyloxypropanolamine in 
the whole cells compared to the membrane assay. Mo reover, in 
binding assays employing [ ,23 I]~iodocyanopindoloi as the 
labeled ligand, the relative potencies of a series of agonists 
were almost the complete opposite of their relative potencies as 
stimulants of cAMP accumulation (Arch, 2002). 

3.2, Antagonists 

^ 3 -AR are blocked by nonselective f^-AR antagonists such 
as bupranolol (Langin et ah, 1991; Galitzky et al., 1993). As 
described for 'p 3 - A R agonists, [3 3 -AR antagon ist potencies may 
also vary. The fo-AR is also blocked by the selective fVAR 
antagonist SR 59230A (Table 1). However, whereas this 
compound may be a selective antagonist of the rodent |i r AR 
(Kaumann & Molenaar, 1,996; Manara et al., 1996; Kubo el al,, 
1 997), its utility as a selective antagonist of the human JVAR 
less certain (Arch. 2002). Two selective antagonists (Table 1 ) of 
the human cloned > 3 -AR, (5>A44-[2-[[3-[3-(ami-nosulphonyl) 
phenoxy]-2-hydroxypropyi]-amino]ethyl]phenyl]benzenesulfo- 
namidc (L-748,328) and (5>/V-[4-[2-[[3-[3-(acetamidomethyl) 
phenoxy1-2-hydroxypropyl]amino]ethyl]phenyI]benzenesuifo- 
namide (L-748,337), have also been described, but in this assay, 
both compounds show a weak affinity for rodent fV r AR 
(Candelore et al., 1999). 



4. (^-adrenoceptors in the heart 

• In the heart, IV A R pathways are the primary means of 
increasing cardiac performance in response to acute or chronic 
stress. Until last decade, only [V,- and [^-AR were described in 
the heart with a (Vfo-AR ratio of approximately 80:20 
(Brislow et aL 1986). The effects of 15,- and J.V 2 - AR are well 
established both in human and other mammals. Their 
stimulation produces positive chronotropic and inotropic 
effects. For (VAR stimulation, the linear G s ~adenyiyl cy- 
clase-cAMP-PKA signaling cascade has been classically 
corroborated. Recent works using recombinant (^-AR subtypes, 
as well as f.VAR-deflcient mice, have established the existence 
of a lower state of the £ r AR> which was guanine nucleotidc- 
sensitive state pre-coupled to stimulatory G proteins. This state 
was called low affinity state of the p r AR (Granneman, 2001). 
In the heart, its stimulation produced a positive inotropic effect 
by activation of the cAMP pathway (Sarsero et al., 2003). 

The data concerning the signaling pathway mediating the 
contractile effect of [A 2 - AR in the heart is not so clear. Like ft r- 
AR, j* 2 -AR are linked to G s protein, In human heart, it has been 
reported that p» 2 -AR mediated maximal or near maximal 
(positive inotropic, 1 us i tropic) effects by coupling to G Sft 
protein ~cAMP-PK A pathway (Kaumann et al., 1999). In 
addition to G s , (' Jr AR coupled to pertussis toxin-sensitive Gj 
proteins (Xiao et al., 1999) and activated the cytosolic 
phospholipase A 2 /arachidonic acid pathway (Pavoine et a!., 
1999; Pavoine & Defer, 2005). The involvement of cardiac (A 2 - 
AR-G ltt pathway may be more important in rodents compared 
to human. However, in pathological conditions, it has been 
suggested in human failing heart that this pathway could 
substitute for a deficient G s -adenylyl cyclase pathway in 
mediating (5 2 -AR responses (Pavoine et al., 2003). Finally, a 
direct agonist-promoted association of the |^ 2 -AR with the Na/H 
exchanger regulatory factor (NHE-RF), a protein that regulates 
the activity of the Na/H exchanger type 3, has been reported 
(Hall et al;, 1998). This interaction may be critical for a rapid 
and specific signal transduction from the receptor to its effector 
in a compartmentalized fashion. However, the physiological 
relevance of that mechanism remains to elucidate. 

In the human heart and in some other species, another [Y-AR 
subtype, [V 3 , has been described. Interestingly, in full contrast 
with other firAR subtypes, their stimulation produced a marked 
decrease in cardiac contractility (Gauthier et al., 2000). 

4.1. Cant racliles effects 

In human, in vivo studies have shown that ft 3 - AR agonists 
produced positive chronotropic effects, which were prevented 
by iv r or fV 2 -AR antagonists and are likely due to baroreflex 
ac t i vat ion in response to (Y 3 - A R agon i st- induced vasod i 1 ation 
(VVhceldon et al., 1993. 1994). In human endomyocardial 
biopsies from transplanted hearts, we have shown that the 
classical positive inotropic effect of isoproterenol was inverted 
to a negative inotropic effect (Gauthier et al., 1996), in the 
presence of nadolol, a IV and (WAR antagonist with a low 
affinity for the native and recombinant (VAR (Emorine et al., 
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1989; Galifzky et al., 1993). Similar negative inotropic effects 
were obtained with several |3 3 -AR agonists including BRL 
37344, SR 5861 1 A and CL 316 243. These agonists decreased 
contractility at concentrations ranging from 0.1 nM to 1 |iM 
with nanomolar potency. The relative rank order of potency of 
these fVAR agonists (BRL 37344 >SR 58611A^CL 316 
243 » CGP 121 77A) (Gauthier et al., 1996) was similar to that 
observed in CHO cells expressing human (\3-AR (Pietri-Rouxel 
& Strosberg, 1995). CGP 12177A, the partial p 3 -AR agonist 
having (ip and 3 2 -AR antagonistic and low-affinity [* r AR 
agonistic properties, exerted a cardiodepressant effect which 
was weaker than that elicited by the preferential (* 3 -AR agonists 
(Gauthier et a!., 1996). Importantly, effects of (i 3- AR agonists 
can be reproduced with the naturally occurring catecholamine, 
norepinephrine, at concentrations close to pathophysiological ly 
relevant levels, and in the presence of blockade of the ot r and 
Pi-, fo-AR with prazosine and nadolol, respectively (Gauthier 
eta!., 1998). Furthermore, the cardiodepressant effect of fa-AR 
agonists was unaffected by mctoprolol (a fi r AR antagonist) or 
nadolol, but was antagonized by bupranolol (Gauthier et al., 
1996) which combines £ r , p 2 - and p» 3 -AR antagonistic 
properties (Langin et al., 1991; Galitzky et al., 1993). The 
presence of p 3 -AR was strengthened by detection of transcripts 
encoding for this receptor by polymerase chain reaction (PCR) 
assays (Gauthier et al., 1996) and fi 3 -AR proteins, by Western 
blotting and immunohistochemistry in ventricles from nonfail- 
ing human hearts (Moniotte et al., 2001). 

In contrast, another group did not report cardiodepressant 
effects with f^-AR agonists including BRL 37344 in the 
presence of nadolol both in human atrium and ventricle 
(Kaumann & Molenaar, 1997; Molenaar et al., 1997). 
Furthermore, in human atrium, (-)-pindolol which possessed 
partial [3 3 - AR and low affinity state of fVAR agonistic 
properties only produced positive inotropic effects that were 
not blocked by a selective f a * 3 -AR antagonist, L-748,337 (Joseph 
et al., 2003) suggesting that this effect did not result from an 
action on (VAR. However, using a selective monoclonal 
antibody directed against the human pj-AR (Mab 72c), 
Chamberlain et al. (1999) showed a positive immunostaining 
in myocardial cells of human atria, demonstrating the presence 
of |^j-AR in human atrial tissue. More recently, it has been 
shown that BRL 37344 produced an increase of contractility of 
human right atrial trabeculae. However, this effect was 
abolished in the presence of nadolol indicating that BRL 
37344 induced an effect on |& j/^ 2 -AR in human atria (Pott et al., 
2003) and fails to directly induce a negative inotropic effect as 
in human ventricle (Gauthier et al., 1996), Thus, the presence as 
well as the functional roles of p» 3 -AR in human normal atria 
remains to be clarified. 

The cardiac effects of several preferential (3 3 -AR agonists 
have also shown substantial variability across species and the 
pharmacological profile of J3 3 -AR agonists obtained on the 
human myocardium cannot be extrapolated from usual animal 
models. Furthermore, using different approaches provide 
contradictory data. Thus, in guinea-pig atrium, SR 5861 1A 
(Bianchetti & Manara, 1990) and CL 316 243 (Doian et al., 
1994) did not modify contractility and heart rate whereas in 



Langendorff-perfused guinea pig heart, (^-adrenergic stimu- 
lation induced a negative inotropic effect (Kitamura et al., 
2000). 

In dogs, intravenously administrated [^-AR agonists 
induced a positive chronotropic effect (Tavernier et al., 1992). 
Because a positive chronotropic effect was not observed in 
denervated animals., it was concluded that the tachycardia 
resulted from a baro receptor-mediated reflex in response to a 
drop in blood pressure caused by the vasodilatory effect of (V 
AR agonists (Berlan et al , 1994; Shen et al, 1994, 1996). 
However, in the latter study, after combined autonomic 
blockade, CL 316 243 still induced a positive inotropic effect 
in the conscious dog, but its effect on heart rate was lost (Shen et 
al.. 1996). Positive chronotropic and inotropic effects were also 
reported in isolated dog atrium perfused with blood from a 
donor dog injected with a f\ 3 -AR agonist, BRL 37344. These 
effects were attributed to (A r AR stimulation (Takayama et al., 
1993) and could result from baroreceptor activation and 
catecholamine release in the donor dog. In canine papillary 
muscles, several |A 3 -AR agonists produced a negative inotropic 
effect less pronounced than in human myocardium (about 30% 
and 50%, respectively). However, the rank order of potency of 
the (V AR agonists was very different from that observed in 
human myocardium (CGP 12177A>BRL 37344 ^SR 
586HA»CL 316 243) (Gauthier et al., 1999). The negative 
inotropic effect of these (i 3 -AR agonists was associated with the 
detection of |5 3 -AR transcripts in the same tissues (Gauthier et 
al., 1999). In canine myocytes, BRL 37344 produced a 
concentration-dependent decrease of contraction and relaxation. 
Those effects were not modified by pretreatment of myocytes 
with (■*>}- and p 1/(^2- A R antagonists, indicating that this 
response was not mediated by [\ r and pi 2 -A.R. By contrast, 
they were completely blocked by p 3 -AR antagonists, buprano- 
lol and L-748,337, indicating that the negative inotropic action 
of BRL 37344 resulted from an action on f^-AR. The relevance 
of those data has been later strengthened by the detection of fV 
AR transcripts and proteins in dogs (Cheng et al., 2001). 

fn rat atrium, several preferential ^ r AR agonists (CL 316 
243, ZD 2079 and SR 58611 A) used at micromolar concentra- 
tions did not change chronotropy and inotropy whereas they 
produced a relaxation of colonic smooth muscle at lower 
(nanomolar) concentrations (Kaumann & Molenaar, 1996). 
Likewise, no effect of several f^-AR agonists was found in rat 
atria (Cohen et al., 1999) and in rat ventricular preparation 
except a small effect of BRL 37344 (Gauthier et al., 1999), The 
relevance of those functional data were reinforced by the 
absence or the very low expression of (5 3 -AR found in the rat 
myocardium (Gauthier et al., 1999). In another study, fiyAR 
transcripts and proteins were detected in normal heart (Dincer et 
al., 2001). However, this report did not exclude the possibility 
that the (3 3 -AR originated from brown adipose tissue as no 
investigation was performed with adipose tissue markers such 
as adipsin. In rat neonatal cardiomyocytes, no functional 
response was observed (Germack & Dickenson, 2006) 
suggesting the absence of h 3 -AR. 

In wild-type mice, (*> 3 -AR agonists induced no significant 
effects on contractility. This was corroborated by the absence of 
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detection of £ 3 -AR proteins (Tavemier et al., 2003). However, 
cardiac overexpression of the human fi-r AR in mice (TG£ 3 ) 
reproduced ex vivo the negative inotropic effects obtained with 
ft.vAR stimulation in human ventricular tissues (Tavemier et 
al., 2003). By contrast, in another study performed in vivo in a 
similar TGfo mouse model, the administration of a JS3-AR 
agonist, L-755,507, produced a positive inotropic response 
(Kohout et al., 2001), The different experimental approaches, ex 
vivo versus in vivo, and the genetic background of the mice 
(B6D2/F1 vs. B6S/F1 hybrid in the studies of Tavemier et al., 
2003 and Kohout et al.. 2001, respectively) could partly explain 
the discrepancy. Furthermore* a single line of mice was 
investigated in the former study whereas data were collected 
from several transgenic lines in the latter one. Moreover, the 
choice of the {-^-AR agonists may be subject to controversy 
regarding their nature and concentrations used. 

4.2. Electrophysiological effects 

The mechanisms of |4 r AR-mediated attenuation of cardiac 
contractility are largely unknown, but the current evidence 
suggests the involvement of alterations in excitation-contrac- 
tion coupling and transmembrane ions channels activities. 
Cardiac electrophysiological effects of the (VAR stimulation 
have not been investigated extensively. In canine and rat 
cardiomyocytes and in beating guinea-pig heart, the negative 
inotropic effect of BRL 37344 was associated with an inhibition 
of L-type calcium channels (Fig. 3) and a decreased amplitude 
of the intracellular calcium transients (Kitamura et al., 2000; 
Cheng et ah, 2001.; Zhang et al., 2005b). In human 
endomyocardial biopsies, fo-AR agonists induced a reduction 
in the amplitude and an acceleration in the repolarization phase 
of the ventricular action potential in the same range of 
concentrations that altered mechanical responses (Gauthier et 
al, 1996). These effects were not observed in ventricular tissues 
obtained from patients with cystic fibrosis (Leblais et al., J 999), 
a pathology caused by mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) gene (Riordan 

G f/0 0NOS 

NO — I* 



et al., 1989). As CFTR protein is expressed in the human heart 
(Levesque et a I., 1 992; Warth et al., 1 996), the discordant results 
obtained with fVAR agonists in ventricular action potential of 
noncystic fibrosis and cystic fibrosis patients could result in part 
from the activation of a chloride repol arizing current flowing 
through CFTR channels not functional in cystic fibrosis cardiac 
muscle. In a heterologous expression system co-expressing 
human £ 3 ~AR and CFTR, |^-AR agonists induced CFTR 
activation through a cAMP-PKA-independent pathway 
(Leblais et al., 1999). The modulation of action potential 
repolarization by (* r AR stimulation could also result from an 
effect on potassium channels. However, controversial data exist 
regarding the role of potassium currents. In a recombinant 
system, it was suggested that f^-AR activated the potassium 
channel KvLQTl/MmK (Kathofer et ah, 2000). However; in 
this study, preferential f\^-AR agonists were not used. In guinea- 
pig cardiomyocytes, BRL 37344 inhibited the potassium 
channel I ks leading to an increase in action potential duration 
(Bosch et al., 2002). Further work will be needed to determine 
the putative role of !V,-AR in the regulation of cardiac 
repolarization. 

Concerning the regulation of heart , rate by the fo-AR 
stimulation, several in vivo studies using preferential ^-AR 
agonists such as BRL 37344 and CL 316 243, reported a 
positive chronotropic effect in dogs and rats (Tavemier et al., 
1992; Shen et al., 1994, 1996). However, these effects resulted 
probably from reflex mechanisms rather than from a direct 
stimulation of cardiac (i^-AR as they were abolished after 
sinoaortic denervation in conscious dogs (Tavemier et al., 1992) 
or after \\ r and [WAR blockade in dogs and rats (Shen et al., 
1996). Likewise, in humans, the positive fo-AR- related 
chronotropic effects described by Wheeldon et al. (1993, 
1994) were prevented by fi r or |5 2 -AR antagonists and were 
likely due to baroreflex activation secondary to the vasodilation 
induced by the h 3 -AR agonist. In TO ft 3 mice, heart rate was 
significantly increased (Tavemier et al., 2003) whereas in 
another study wild- type and TGfVt mice presented similar heart 
rate (Kohout et al., 2001 ). The increase in heart rate reported by 
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Kig. 3. Signaling pathway of fa-AR In cardiomyocytes. |'V*~AR: {^-adrenoceptor; Ca 2 ~: calcium; cCiMP; cyclic guanostne monophosphate; eNOS: endothelial nitric 
oxide synthase; Gj. (l : Gw protein: OTP: guanosine triphosphate; GC: guanytyl cyclase: NO: nitric oxide; * : stimulation; : inhibition. 
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Tavemier et al., (2003) could result from the activation of 
KvLQTl which is expressed in the mice conduction system 
(Wang et al., 1996) or by the presence of constitutively active 
Pa-AR due to their overexpression as previously described for 
the P2-AR (Milano et al.", 1994). By contrast, as i Ks is absent in 
adult mice heart (Kupershmidt et al., 1999), this potassium 
current could not be involved in the effects observed on heart 
rate. Then, future works will have to be performed to clarify the 
role of pj-AR in heart rate regulation. 

4.3. Signaling pathways 

In the heart, contrary to p r and p 2 -AR, P3-AR are not 
coupled to G s proteins, but to Gj proteins (Fig. 3). The 
pretreatment by pertussis toxin of human ventricular tissues, 
canine and rat cardiomyocytes abolished the negative inotropic 
effect induced by pj-AR stimulation (Gauthier et al„ 1996; 
Cheng et al., 2001; Zhang et al., 2005b). In rodent adipocytes, 
Ps-AR could be coupled both to Gj and G s proteins (Chaudhiy 
el al., 1 994; Begin-Heick, 1995). Recently, it has been shown in 
a recombinant system that the mice p 5tr AR isoform coupled to 
both G s and Gj. while the p3»-AR coupled only to G s 
(Hutchinson et al., 2002). At the present time, no study has 
evaluated the signaling pathways activated by the stimulation of 
p and p.11, isoforms in native systems as well as the existence 
of those 2 isoforms in the heart. 

In human ventricle, the activation of Gj proteins did not 
appear to cause an inhibition of adenylyl cyclase,, but rather an 
activation of the nitric oxide (NO) pathway, probably 
implicating the endothelial nitric oxide synthase (eNOS) (Fig. 
3; Gauthier et al., 1998), which is expressed both in endothelial 
cells and ventricular cardiomyocytes (Schulz et al., 2006). In 
p 3 -AR knockout mice, the cardiac contractility in response to 
isoproterenol was increased compared to wild- type mice. Albeit 
this response was not modified after NO synthase inhibition by 
/V°-monomethyl-L~argmine monoacetate (l-NMMA) in knock- 
out mice, but was potentiated in wild-type mice (Varghese et al., 
2000). As no PyAR transcript and protein has been detected in 
wild-type mouse heart, this effect could result from the presence 
of PjtAR in vessels. Furthermore, this study suggests that p r 
AR/NO pathway could act as a negative feedback mechanism 
opposing the positive inotropic influences of catecholamines in 
the heart. 

The NO production produces an activation of soluble 
guanylyl cyclase leading to an increase in intracellular cyclic 
guanos ine monophosphate (cGMP) (Fig. 3; Gauthier et al., 
1998). Similar results demonstrating an involvement of the 
same pathway were obtained in canine and rat cardiomyocytes 
(Cheng et al.. 2001 ; Zhang et al. 2005b). The cGMP elevation 
could activate different targets: (I ) the cGMP-dependent protein 
kinase, which decreases calcium current through regulation 'of 
L-type calcium channels (Mcry et al., 1991; Wahlcr & 
Dollinger, 1995) or down-regulates the contractile response of 
myofilament proteins independently of changes in calcium 
transients (Shah et al., 1994; Goldhabcr et al., 1996; Yasuda & 
Lew, 1997), and (2) the cGMP-stimulated phosphodiesterases 
(PDE II; Beavo. 1995) which decreases cAMP levels (Mery et 



al., 1993). Alternatively, NO might regulate cardiac function in 
a cGMP-independent manner through covalent modifications of 
key proteins such as the cytochrome c oxydase (Torres et al., 
1995), the creatine phosphokinase (Gross et al., 1996) or L-type 
calcium channels (Campbell et al., 1996). However, the 
mechanism involved in the inhibition of L-type calcium current 
by the p 3 -AR stimulation observed in canine and rat 
cardiomyocytes (Cheng et al., 2001; Zhang et al., 2005b) is 
not yet elucidated. 

In human atrial trabeculae, BRL 37344 did not modify the 
force of contraction by activating p 3 -AR, However, it 
stimulated directly eNOS activity leading to an increase in 
NO production (Pott et al., 2003). This study suggests that p r 
AR stimulation in human atrium do not have the same 
functional significance as in ventricular myocardium. This 
could be explained by (i) a different coupling in human atrium 
and ventricle, (ii) a lower p 3 -AR expression in right atrium than 
in left ventricle, where studies are classically performed, and 
(iii) an overexpression of eNOS in atrium (Bloch et al., 1999). It 
has been suggested that the atrial p 3 -AR system might provide a 
protective negative feed back mechanism against arrhythmia 
and sinusal tachycardia resulting from an excessive pj/p 2 -AR 
stimulation. However, this hypothesis is not in agreement with 
the results obtained in TGp 3 mice, which presented an increase 
of the basic heart rate (Tavemier et al., 2003). This discrepancy 
could be explained by the fact that right atrial tissues were 
obtained from patients with either valvular or coronary disease 
and the p 3 -AR response could be influenced by disease state 
and/or medication. Further work will be needed to evaluate the 
putative role of atrial p 3 -AR in arrhythmia and sinusal 
tachycardia. 

5. (^-adrenoceptors in blood vessels 

Over the last 20 years, knowledge of vascular physiology 
and pharmacology has dramatically changed, mainly because of 
the recognition of the role of endothelium in vasomotor control. 
Activation of endothelial receptors induces either vasodilation 
(Furchgott 8c Zawadzki, 1980) or vasoconstriction (De Mey & 
Vanhouttc, 1982). Furthermore, recent work suggests a new 
perspective of p-AR signaling in the vessels partly in relation 
with the description of the third p-AR subtype. Stimulation of 
p-AR leads to a relaxation of vascular smooth muscle, thereby 
controlling the blood flow distribution in different organs. Both 
P,-AR and P2-AR are involved in vasodilation. Classically, the 
P2-AR arc the predominant p-AR in the peripheral vessels 
(Lands el al., 1967), but the involvement of each p-AR subtype 
varies according to vascular bed and species (Osswakl & 
Guimaraes, 1983). For instance, p r AR seem to be predominant 
in coronary and cerebral arteries (F.dvinsson 8c Owman, 1974; 
O'Donnell <& Wanstall, 1985). Moreover, Krauss et al. (1992) 
showed that the magnitude of p-AR-mcdiatcd responses of 
epi cardial coronary arteries was inversely related to the size of 
the vessel. Even in a given model, contradictory results can be 
observed. Thus, in the rat aorta, endothelium-independenee, or 
partial and total dependence for isoprenaline-induced vasodila- 
tion, was demonstrated (Konishi & Su, 1983; Brawl ey et al., 
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2000). To explain these contradictory results, Guimaraes and 
Moura (2001) suggested that the £>-AR induced relaxation 
might be differently observed according to: (i) the precon trac- 
tive agent used, (ii) the precontraction level and (iii) the 
expression amount of (A-AR. 

In this context, the discovery of Pi-AR increases the 
complexity of the sympathetic regulation in the vascular system. 

5. /. In vivo studies 

In vivo studies have been conducted to establish the effect of 
^ r AR agonist on systemic hemodynamics and regional blood 
flow distribution in different models. 

In conscious rats, Shen et al. (1994, 1996) showed that CL 
316 243 and BRL 37244 induced hypotension and peripheral 
vasodilation, which persisted after blockade of f*j- and (V 2 - 
AR, suggesting that BRL 37344 was a potent (VAR agonist 
but less selective than CL 316 243 (Shen et al.. 1996). Tracer 
microspheres were used to evaluate the effect of {iyAR 
agonists on some regional blood flow in anesthetized rat. 
Neither CL 316 243 nor BRL 26830A induced significant 
blood pressure variation in rat. Nevertheless, blood flow was 
increased by CL 3 1 6 243 in pancreatic islet (Atef et al., 1 996) 
and by BRL 263 80 A in brown adipose tissue (Takahashi et 
al., 1992), in addition, several Pi-AR agonists (BRL 35135, 
CL 316 243, SR 5861 1 A) increased antral gastric mucosal 
blood flow in rats anesthetized with halothane (Kuratani et 
al. ? 1994), 

Genetic knockout techniques have allowed investigations to 
delineate subtype-specific contributions of H-AR in mouse. 
Rohrer et al. (1999) observed compensatory vascular {VAR 
responsiveness in [^/pj-AR double knockout mice. Thus, in 
those anesthetized mice, CL 316 243 induced an exaggerated 
hypotensive response comparatively to wild-type mice. 

In conscious dogs, Tavemier et al. (1992) demonstrated that 
BRL 37344 induced hypotension. Similar hypotension has also 
been observed with BRL 37344 and CL 3 16 243 in normal and 
sinoaottic denervated dogs (Berlan et al., 1994). The evaluation 
of cutaneous blood flow using Laser-Doppler technology 
showed an increase of skin perfusion. In conscious dogs 
instrumented and after combined pharmacological blockade, the 
evaluation of regional blood flow pattern induced by BRL 
37344 using radioactive microspheres confirmed the decrease 
of blood pressure related to peripheral conductance increase and 
vasodilation in fat tissue and skin (Shen et al., 1994). In the 
same way, in normal dogs, infusion of SR 58611 A induced 
hypotensive effect by peripheral vasodilation, which was 
resistant to fVrVAR blockade (Donckier et al., 2001). As in 
the rat, CL 316 243 seems to be a more specific t* ? -AR agonist 
than BRL 37344 in the dog (Shen et al., 1996). More 
importantly, the vascular effects of (V^-AR stimulation was 
most profound in dogs than in other species srudied (Shen et aL 
1996). 

Anecdotal ly, BRL 37344 induced dose-dependent increases 
in nasal arterial blood flow and volume of the nasal mucosa 
(reflecting capacitance vessel function) in anesthetized pigs 
(Lacroix et al., 1995). 



Few works evaluated the effects of l^-AR stimulation in the 
cardiovascular system in human and non human primate. In the 
latter, CL 316 243 and BRL 37344 elicited almost no effect on 
cardiovascular parameters in conscious monkeys and baboons 
(Shen et al., 1996). In humans, CGP 12 177 A, a partial [\ y AR 
agonist, induced a weaker effect in the control of lipolysis and 
nutritive blood flow in human subcutaneous abdominal adipose 
tissue (Barbe et a I., 1996). In human healthy volunteers, 
Wheeldon et al. (1994) evaluated the effects of another ^ 3 -AR 
agonist BRL 3531 5. BRL 35315 is rapidly converted to the de- 
esterified acid metabolite, BRL 37344, in vivo and it is believed 
that effects of BRL 35 1 35 are actually mediated by BRL 37344. 
This study suggested that BRL 35135 produced most effects by 
|i 2 -AR stimulation. To be exhaustive, a recent published 
placebo-controlled randomized trial showed that a 28 days 
treatment with L-796,568, a (VAR agonist, did not induce any 
significant cardiovascular changes (Larson et al,, 2002). 

5.2, Conductive arteries 

In rat thoracic aorta, Clark and Bcrtholet (1983) have shown 
that pindolol, a nonspecific (i-AR agonist with partial j* 3 -AR 
agonistic activity induced vasodilation resistant to pretreatment 
with propranolol, suggesting the presence of an atypical p-AR 
receptor, In the same way, some studies demonstrated that 
isoproterenol -induced relaxation was resistant to |A|/|A 3 -AR 
blockade in rat carotid and thoracic aorta (Oriowo. 1994; 
MacDonald et aL, 1999; Trochu et al., 1999). 

In thoracic aorta, BRL 37344 induced a concentration- 
dependent vasorelaxation in phenylephrine («|-AR agonist)- 
precon stricted arterial rings (Oriowo, 1995), Similar relaxant 
effects were obtained with SR 586 II A, which were not 
modified by pretreatment with nadolol but were antagonized 
by SR 59230A, a £ 3 -AR antagonist (Trochu et a!., 1999). 
Endothelium removal strongly reduced the l^-AR-induced 
relaxation, indicating that fo-AR were mainly located on 
endothelial cells in rat thoracic aorta (Trochu et al., 1999). 
Endothelial cell localization was latter confirmed by molecular 
and immunohistochemical approaches (Rauturcau et al.. 2002). 
However, these results have been contested. Thus, in the same 
vascular bed, Brahmadevara et al. (2003) showed that in 
phenylephrine-constricted rings, but not PGF2a -constricted 
ones, relaxations to isoproterenol presented a propranolol- 
resistant component In phenylephrine-constricted rings, the 
selective p 3 ~AR antagonist, SR 5923 OA, did not antagonize 
relaxation to BRL 37344 and SR 586 II A. In addition, CL 316 
243 failed to produce relaxation. In PGF2q -constricted rings, 
only SR 58611 A produced relaxation, which was not affected 
by SR 59230A. Recently, a study demonstrated that SR 5861 1 A 
and nebivolol (a selective (V r AR antagonist with partial ^-AR 
agonistic properties) induced a vasodilation in endothelin I- 
cons trie ted rings. Vasodilation was antagonized by a selective 
1VAR antagonist (L-748.337) (Rozec el al., in press). This 
study confirms the fact that nebivolol -induced NO-dependent 
vasorelaxation in rat thoracic aorta resulted, at least in part, from 
a (VAR agonistic effect (de Groot et a I.., 2003). In summary, 
multidiscipli nary approaches indicate that IV A R are present in 
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rat thoracic aorta, but its vasodilating effects are affected by the 
constricting agent used. Hence, as suggested by some workers 
(see for instance, Kozlowska et aL, 2005), the constrictor agent 
should be chosen with great caution for the investigation of the 
role of p-AR in vessels. Recently, it has been suggested that p 3 - 
AR were involved in the p~AR-mediated relaxation of rat 
abdominal aorta smooth muscle {Matsushita et al., 2003). 
However, those data should be taken with caution because the 
use of only a partial p 3 -AR agonist and the endothelial removal 
was not tested. 

In rat isolated carotid artery, as in aorta, propranolol shifted 
the isoproterenol concentration relaxation curve to the right 
without changing the maximum response. Moreover, BRL 
37344 also produced a concentration-dependent relaxation of 
norepinephrine-precontracted artery segments, This relaxation 
was endothel ium-independent and was not affected by 
propranolol (Oriovvo, 1 994). Comparable results have been 
obtained with U -446 19 (a thromboxane A2 homolog)-con- 
stricted rat isolated carotid arteries (Mac Donald et al., 1999). 
Nevertheless, in the latter study, it vyas suggested that there may 
be a different contribution of endothelium of classical (V and 
p 3 -AR-mediated effects, with lesser involvement of endothe- 
lium in the fVAR-mediated relaxation. In the main mesenteric 
artery, the presence of atypical p-AR and the lack of p 3 -AR 
have been reported (FCozIowska et al., 2003). The tact that p 3 - 
AR agonists caused relaxation might suggest the involvement 
of P 3 -AR rather than atypical P-AR in this effect. However, a 
detailed comparison of the order of potencies argued for the 
opposite conclusion instead. 

In mice lacking p r or (WAR subtypes (p r KO, P2-KO), 
isoproterenol induced relaxation of segments from thoracic 
aorta, carotid, femoral arteries. In contrast, in double p ,/p 2 -ICO 
mice, isoprenaline-relaxation was abolished, suggesting no p 3 - 
AR effect (Chruscinski et al., 2001). Interestingly, in the same 
double [i 1/^2-^0 mice, an in vivo study showed that the 
response to the p 3 -AR agonist, CL 316 243, alone was 
significantly increased in the ^|/(V,-AR double KO (Rohrer et 
al., 1999). The results of this study suggested that all p-AR 
subtypes can mediate vasodilatory responses in vivo and that an 
enhancement of P3-AR responsiveness is present in mice 
lacking both p r and p 2 -AR. 

The most popular human conductive vessel used in organ 
bath studies is the internal mammary artery harvested during 
coronary artery bypass graft. In endothelium -denuded internal 
mammary artery precontracted with phenylephrine, BRL 
3 7344 produced a concentration-dependent relaxation suggest- 
ing the presence of an atypical p-AR, perhaps p 3 -AR, located 
in smooth muscle cells (Shaft ei et al., 2000) Recently, using 
molecular and biochemical approaches, the presence of p 3 -AR 
was confirmed, but with an endothelial localization (Rozec et 
al., 2005). Its activation by SR 5861 1 A induced a vasodilating 
NO-dependent response, unaffected by fi,/^-- blockade., but 
antagonized by L-748,337, a selective P 3 ~AR antagonist 
(Rozec et al.. 2005). The tocolytic effect of }V 3 -AR agonists 
leads some authors to explore effects of p 3 -AR agonists on 
umbilical and placental vascular beds. In human umbilical 
artery, BRL 37344 induced a weak vasodilation (Dennedy et 



al, 2002), In human placental artery obtained from women 
with uncomplicated or preeclamptic pregnancies, SR 591 19A 
induced relaxation. The functional presence of p 3 ~AR was 
strengthened by molecular and biochemical approaches 
(Rouget et al., 2005). 

5.3. Resistive arteries 

Few Studies have been carried out concerning p 3 -AR in 
arteries with diameters between 2 and 300 urn, referred to as 
resistance arteries. 

In rat mesenteric microarteries, relaxation mediated by p-AR 
is due mainly to the stimulation of h j -AR present throughout 
the smooth muscle cell layer, with a partial intracellular location 
(Briones et ah, 2005). In this work, evidence against the 
participation of p 2 - and p 3 -AR is also reported. Thus, in 
phenyleph tine-precontracted arteries, although salbutamol (pr 
AR agonist), BRL 37344 (p 3 -AR agonist) and CGP 12177A 
(agonist of the low affinity state of f-VAR) caused relaxation 
(with a less potency than isoproterenol), CL 316 243 was 
ineffective. In arteries precontracted with 5-HT or U-46619. 
isoproterenol produced a concentration-dependent relaxation 
whereas salbutamol, BRL 37344, CGP 1 2 1 77A and CL 3 1 6243 
did not. Furthermore, in pheny leph ri ne-precon trated arteries, 
the vasodilation induced by BRL 37344 and SR 59230 A could 
be explain by a competitive a, -AR antagonism. 

In mice lacking p,- and/or p 2 -adrenergic receptor subtypes, 
several resistive arteries, including distal branches of the 
tern oral artery, epigastric, and mesenteric arteries, were 
investigated to determine whether they showed a p -adrenergic 
vasorel ax at ion {Clint sc i risk i et al . , 200 1 .). Am on g these d i fferen t 
vessels, isoproterenol caused relaxation only in the mesenteric 
artery, and this relaxation was mediated only by the p j-AR 
subtype because the effect of isoproterenol was completely 
absent in vessels from p r KO mice. However, in another 
vascular bed, using videomicroscopy, it has been recently 
shown that nebivolol (a selective pj-AR antagonist with partial 
fV r AR agonistic properties) dose-dependently relaxed mice 
coronary resistance microarteries precontracted with prosta- 
glandin F2a. This relaxation was sensitive to NO synthase 
inhibition, unaffected by the p|/p 2 -AR antagonist, nadolol, and 
prevented by the P1/P2/P3-AR antagonist, bupranolol. Impor- 
tantly, nebivolol failed to relax microarteries from p 3 -AR- 
deficient mice (Dessy et al., 2005). 

In human coronary microartery preparations, p 3 ~AR 
transcripts and protein have been detected. The presence of 
p 3 -AR was confirmed by the vasodilation induced by BRL 
37344 and nebivolol in endothelial -preeonstricted micro- 
arteries. This relaxation was not affected by pretreatment with 
nadolol, thereby ailing out a p,/p 2 -AR-mediated effect, but 
was fully abrogated by bupranolol (Dessy et al., 2004, 2005). 

In human corpus cavernosum, p 3 -AR are localized mainly 
in smooth muscle cells. Their activation by a preferential p 3 - 
AR agonist, BRL 37344, relaxed longitudinal strips pre- 
contracted with phenylephrine. This relaxation was selectively 
blocked by a specific p 3 -AR antagonist, SR 59230A (Cirino 
et al., 2003). 
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5.4. Pulmonary circulation 

The pulmonary circulation differs from the systemic one in 
several important aspects, the most important being the hypoxic 
pulmonary vasoconstriction. The precise mechanisms underly- 
i ng hypoxic pulmonary vasoconstriction arc far from c lear. The 
vasodilator profiles of 3 selective j3>-AK agonists, SR 59 104A, 
SR 591 19A and SR 5861 1 A, on the hypoxic vasoconstriction 
have been investigated in the rat isolated perfused lung 
preparation (Dumas et ai. f 1998). The 3 fc-AR agonists caused 
concentration-dependent relaxation during the pulmonary 
pressure response. SR 59230 A } a f^-AR antagonist, inhibited 
vasorelaxant effects of SR 59104A but failed, as with 
propranolol, to oppose those of SR 59119A and SR 5861 1 A. 
Based on these results, the authors suggested the existence of an 
atypical p>-AR in rat pulmonary vessels. In the same species, 
intralobar pulmonary artery precontracted with PGF2a, isopro- 
terenol induced vasorelaxation which was not fully abolished 
by pre-treatment with nadolol. However, the remaining dilation 
was not further inhibited by SR 59230/V Moreover, BRL 
37344, SR 5861 1 A and CGP 12 1 77 A did not elicit vasorelaxa- 
tion, suggesting the absence of (ij-AR in this vascular bed 
(Pourageaud et al., 2005). Nevertheless, according to the size of 
the vessels, fV-A.R subtypes could be different as suggested by 
the fact that fV-AR med iated vasorel axation in large arteries was 
largely NO~dependent, whereas in small arteries a significant 



proportion of relaxation was NO-independent (Priest ct al., 
1997), 

In isolated canine pulmonary arterial rings precontracted 
with norepinephrine, CL 316 243 and BRL 37344 produced a 
concentration-dependent relaxation, but with a lower potency 
than isoproterenol and salbutamol suggesting the functional 
presence of |3rAR in canine pulmonary artery smooth muscle 
(Tagaya et aL, 1999). 

5. 5. Venous system 

In isolated segments of the rat portal vein, BRL 37344 
produced a concen tratio n-dependen 1 in hibition of electrical- 
ly-induced contractions. This inhibitory effect of BRL 
37344 was not antagonized by propranolol. In addition, 
BRL 37344 inhibited adrenergic transmission in this vas- 
cular bed via atypical l^-AR that were distinct from |V r 
AR and were located pre-junctionally (Yousif & Oriowo, 
2002). 

In eq u in e di gi tal veins, severa 1 f-S 3 -A R agon ists. SR 586 11 A, 
ZD 2079 and 7M 215001, induced concentration-dependent 
relaxation. SR 5861 1 A-induced relaxation were unaffected by 
nadolol (^/(Vblocker) but significantly reduced by ZM 
215001 used at a high concentration (2 uM) and behaved as a 
fo-AR antagonist, by endothelium removal or pre- treatment 
with a NO synthase inhibitor suggesting the presence of fo-AR 



(J 3 -ar 




Pig; 4. Main signaling pathways of JVrAR in the vessels, including all hypothesis regardless the species and vascular beds. AC: adcnylyl cyclase: ATP: adenosine 
triphosphate; [Ca 2 *],-: intracellular calcium concentration; cAMP: cyclic adenosine monophosphate; cGMP: cyclic guanos ine monophosphate; BOH I*: endothelial 
derived hyperpoiarising factor; elMOS: endothelial nitric oxide synthase; GC: guanyly) cyclase; OTP: guanosine triphosphate; G s : stimulatory G protein; NO: nitric 
oxide; PKA: C AM P-dependent protein kinase. 
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in equine digital veins (Mallem et al., 2003). However, their 
roles have yet to be determined. 

5.6. Signaling pathways in vascular tissue 

Few studies have been earned out to determine the precise 
signaling pathways involved in vascular (33-AR activation. As 
mentioned previously, the cellular localization of fo-AR varied 
according to the vascular bed, the vessel size and the species. In 
the rat thoracic aorta, fo-AR are mainly located in endothelial 
cells, and act in conjunction with p r and (3 2 -AR to mediate 
relaxation through activation of a NO synthase pathway and a 
Subsequent increase in intracellular cGMP levels (Fig. 4; 
Trochu et ah, 1999). In the same model, Rautureau et al. (2002) 
demonstrated that the fi 3 -AR-mediated effect, in contrast to the 
heart, did not result from the activation of a pertussis toxin- 
sensitive G protein. In this vascular bed, f.^-AR-mediated 
relaxation involved several potassium channels. The pre- 
treatment of aortic rings by iberiotoxin, glibenclamide, 
tolbutamide or 4-aminopyridine, significantly reduced the SR 
586llA-mediated vasorelaxation, suggesting that B K cm Katp 
and K v , respectively, are effectors of the vasorelaxation 
produced by fo-AR stimulation in rat thoracic aorta (Fig. 4). 
However, this inhibition was not complete in each experimental 
condition suggesting the participation of several classes of 
potassium channels in this global effect. An involvement of 
potassium channels in the relaxant effect of f^-AR was also 
reported in the rat isolated perfused lung preparation. m-AR 
vasodilated the pulmonary vascular bed, partly through B KCll 
and Sicca channels activation and NO release (Dumas et al, 

1999) . in rat portal vein myocytes, the activation of (A r AR 
stimulated L-type calcium channels through a G ftS - induced 
stimulation of the c AMP/PICA pathway leading to the 
subsequent phosphorylation of those channels (Viard et al., 

2000) . However, it is important to note that in this study, no 
preferential ($ 3 -AR agonist was tested but only CGP I2I77A, 
which combines partial fo-AR and low affinity p M -AR 
agonistic properties. 

The involvement of the cAMP pathway was also suggested 
in the canine pulmonary artery. In this vessel, the dilating effect 
of CL 316 243 was endothelium-independent and produced an 
increased in intracellular cAMP level (Tamaoki et al., 1998). 

In the human internal mammary artery, SR 5861 1 A induced 
an endothelium- and NO-dependent relaxation (Fig. 4; Rozec et 
al., 2005). In human coronary microarteries precontracted with 
KCI (thereby preventing vessel hyperpolarization), the relaxa- 
tion to BRL 37344 was reduced and totally abrogated by the NO 
synthase inhibitor, L-omega-nitroarginine, confirming the 
participation of a NO-mediated relaxation (Dessy et al., 
2004). The NO synthase-independent relaxation was complete- 
ly inhibited by calcium-activated potassium channel inhibitors, 
apamin and eharybdotoxin, consistent with an additional 
endothelium -de rived hyperpolarizing factor-like response. Ac- 
cordingly, membrane potential recordings demonstrated a 
hyperpolarization in response to j^-AR stimulation. In human 
placental arteries, SR 591 19A induced an endothelium- 
independent vasodilation mediated by an intracellular cAMP 



increase without modification in the cGMP level (Rouget et al M 
2005). 

In the human corpus cavernosum, 1*> 3 ~AR relaxation resulted 
from the inhibition of the RhoA/Rho-kinase pathway (Cirinoct 
al.,' 2003). 

6. Involvement of (^-adrenoceptors in cardiovascular 
pathologies 

6.1. Heart failure 

The failing human heart is characterized by a sustained 
activation of the sympathetic nervous system. The higher 
catecholamine levels help to maintain cardiac performance over 
the short-term by increasing contractility and heart rate. At first, 
the increase of cardiac adrenergic drive is beneficial, but 
ultimately damaging to the myocardium. 

In all models investigated, p.rAR are upregulated in 
human heart failure (Moniotte et ah, 2001) as well as in 
cardiomyocytcs from dog with pacing-induced cardiac heart 
failure (Morimoto et al., 2004). However, changes in 
contractile response did not strictly parallel with [VAR 
abundance. In human, the negative inotropic effect induced by 
BRL 37344 was blunted in failing heart tissue compared to 
responses observed in nonfailing heart tissue (Moniotte et al., 
2001). In animal models, the upregulation of IVAR observed 
in heart failure was con-elated with an increase in the negative 
inotropic effect induced by the i^-AR stimulation (Cheng et 
ah, 2001; Morimoto et al., 2004; Zhang et al., 2005b). This 
discrepancy might result from several factors such as species 
difference in p.vAR, variation in severity of heart failure, or 
the effect of pharmacotherapy on the human failing heart. The 
rat model of heart failure was associated with a 40-48% 
mortality during the investigated period (4 months) without 
precision about the stage of heart failure (Zhang et al, 2005b), 
which is much higher than would be expected in a population 
of human heart faili ng patien ts. In addition, in the rat and dog 
models, the authors examined a single left ventricular 
myocyte obtained from isoproterenol-induced failing rat hearts 
(Zhang et aL 2005b) or from dog with pacing-induced cardiac 
heart failure (Morimoto et al., 2004), whereas Moniotte et al. 
(2001) studied ventricular strips obtained from dilated or 
ischemia-caused failing human hearts. To support this 
discrepancy, it is important to note that heart failure is also 
characterized by an alteration of the vasomotor tonus leading 
to a decreased vasodilation at baseline and in response to |A- 
AR stimulation. Those alterations lead to impaired peripheral 
vasodilation and an inappropriate vasoconstriction. This effect 
is due to the activation of neuro-hormonal systems and 
endothelial dysfunction. Thus, it is important to take into 
account the role of endothelial cells in the cardiac response. 

Comparing the expression of the different {S-AR subtypes, 
we previously noted that the human failing heart contained a 
relatively high proportion of |* 2 -AR due to selective down- 
regulation of fVAR, without change in the total fVAR density. 
In this context, the importance of (\ r AR in the pathogenesis of 
heart failure is supported by several features: (i) f\ v AR arc 
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coupled to G i/o proteins that are upregulated during heart failure 
(EI-Armouche el al., 2003); (ii) fo-AR is relatively resistant to 
*desensitization following activation by an agonist (Strosberg, 
1997); (iii) ^ 3 -AR is also resistant to heterologous desensiti- 
zation, because it lacks the consensus sequences for phosphor- 
ylation by PICA and [A-ARK (Strosberg, 1997); (iv) l* r AR is 
activated at higher catecholamine concentrations than and 
ft 2 -Ar (Pietri-Rouxel & Strosberg, 1995) and finally (v) h 3 -AR 
are upregulated at end stage of human heart failure (Moniotte et 
ah, 200 1 ) and in cardiomyocytes from dog with pacing- induced 
cardiac heart failure (Morimoto et al., 2004). Therefore, in heart 
failure with the sustained activation of the sympathetic system, 
the ji 3 -AR-mediated response may be probably preserved, 
when p r and [3 2 -AR-mediated responses are reduced (Moniotte 
& Balligand, 2002). The regulation of cardiac contractility by 
catecholamines in heart failure indicates opposite compensatory 
modifications between j-Vj-V anc * 3j-AR. Several studies also 
report similar opposite modifications in cardiac j3-AR subtypes. 
Kohout et al. (2001) have reported that £ r AR expression was 
lower in TGf3 3 mice. In contrast, fo-AR knockout mice 
exhibited an increase in fVAR mRNA in white and brown 
adipose tissue (Susulic et al., 1995). Recently, in neonatal rat 
cardiomyocytes following chronic exposure to norepinephrine, 
f^3-AR are ftmctionally up-regulated whereas [V and f* 2 -AR 
are down -regulated (Germack & Dickenson, 2006), 

The opposite changes that occurred in fi r and £ 3 -AR (2- to 
3-fold increase) abundance in the human failing left ventricle, 
with an imbalance between their inotropic influences, may 
underlie the functional degradation of the human failing heart. 
However, at earlier stages of the disease, the upregulation of the 
^ 3 ~AR could be viewed as a compensatory mechanism to 
prevent further cardiomyocyte damage. In TGp 3 mice, no 
histological evidence of myocyte hypertrophy or fibrogenests 
was observed (Tavemier et al, 2003), suggesting that the 
activation of p 3 -AR was not responsible for cardiac damage 
during heart failure. Furthermore, in contrast, Engelhardt et al. 
(2002) showed that chronic stimulation of ft \ -AR lead to 
hypertrophy, interstitial fibrosis and heart failure in j^j-AR 
transgenic mice. Thus, over-expression of fo-AR might protect 
cardiac damage induced by the high catecholamine level present 
in heart failure, particularly during the early stages of the 
disease. The fo-adrenergic stimulation related-cardiac protec- 
tion might result from (i) a reduction of the activation of L-type 
calcium channels and thus, of calcium overload, (ii) a better 
diastolic function due to NO production, (iii) a preservation of 
intracellular ATP and creatine phosphate content related to the 
negative inotropic effect and finally (iv) the vasodilating effects, 
because arteriolar and venous dilatation would reduce afterload 
and preload, respectively, and improve the O2/MVO2 balance. 
In a similar way, in normal heart, the negative inotropic effect 
induced by the fa -adrenergic stimulation might play a role of a 
«safety-valvc» during intense adrenergic stimulation (stress, 
important physical effort, etc.). Conversely, as heart failure 
progresses to a later stage, the activation of {VAR might 
become deleterious, with a persistent negative inotropic effect 
enhancing myocardial depression. In rat failing heart, the effect 
of fa-AR agonists aggravated markedly cardiac function and 



stimulated cardiac myocytes apoptosis. Thus, if the levels of fi 3 - 
AR were too high, they might contribute to the loss of cardiac 
function and provide the basis of the functional degradation of 
failing heart (Kong et a!., 2004). Further experiments, using 
complementary approaches (in vitro, ex vivo and in vivo) and 
appropriate animal models, will be needed to evaluate the 
involvement of l^-AR at early and end stages of heart failure. 

The beneficial effects of ft 3 -AR stimulation is further 
suggested by recent findings concerning the use of 3rd 
generation fVblockers in heart failure treatment. Thus, although 
£-AR blockade has been found to improve survival in patients 
with heart failure,, the mechanism responsible for the beneficial 
effects of blocking j'*-AR activation could actually be due to the 
effects of these agents on the vasculature. The [5 -blockers of 3rd 
generation have vasodilator action (Tod a, 2003) and may be 
more efficient to treat heart failure than nonvasodilatory ones. 
The use of such drugs might be particularly relevant to improve 
tolerability in elderly patients with heart failure, when 
endothelial vasodilator reserve is limited, age-associated 
fl orotic changes in the sinus node occur, and higher risk of 
hypotension and bradycardia are present. Some recent clinical 
trials are already quite encouraging (Flather et al., 2005). 
Furthennore, patients with left ventricular hypertrophy seem to 
be particularly sensitive to the beneficial effect of NO on 
diastolic function (Matter et al.. 1999) and trials in patients with 
left ventricular dysfunction had already shown a greater 
improvement in the parameters of diastolic function, associated 
with an increase in exercise capacity, with nebivoloi adminis- 
tration, compared with the traditional (^-blockers (Nodari et a I., 
2003). Moreover, any blockers that could induce NO release 
and chelate oxygen radicals may provide additional useful 
actions by blunting apoptosis, necrosis and/or proliferation of 
myocardial cells. In fact, some of those f.Vblockcrs, such as 
bucindolol and nebivoloi, have been described as fVAR 
agonists, with endothelium-dependent vasodilating properties 
(Gosgnach et al.. 2001; De Groot ef al. 2003; Rozec et al„ in 
press). A trial using bucindolol in patients with advanced 
chronic heart failure produced no significant overall survival 
benefit leading to stop the trial and to withdraw bucindolol 
(Bcta-Bloeker Evaluation of Survival Trial Investigators, 2001). 
However, it is difficult to draw conclusions regarding the 
absence of benefit of bucindolol because this trial was 
performed on a demographically diverse group of patients 
with NYHA class 111 and IV heart failure, due to primary or 
secondary dilated cardiomyopathy, and associated with a left 
ventricular ejection fraction of 35% or lower. 

6.2. Hypertension 

Hypertension results essentially from an imbalance be- 
tween the vasoconstrictive and vasodilatory mechanisms, 
partly due to pre- and post-synaptic sympathetic dysfunctions 
(De Champlain, 2001). A generalized decrease of the f*- 
adrenergic response has been recognized in systemic 
hypertension in human (Michel et al., 1990) and in various 
animal models (Feidmaru 1987; Michel et al., 1990; Doggrell 
& Sumian. 1995). The main defects identified include {A-AR 
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down-regulation, alteration of G protein levels and impair- 
ment of £-AR-G protein-effectors coupling (Werstiuk & Lee, 

2000) . However, some studies described that f^AR-mediated 
relaxation of thoracic aorta and mesenteric arteries of 
hypertensive rats was unchanged (Borkowskt et aL, 1992; 
Boonen ct aL, 1993) or enhanced (Carvalho et a!., 1987) in 
comparison with what was observed in normotensive rats. 
Several explanations may exist for those controversial 
findings regarding p-AR-induced relaxation in arterial 
hypertension. Thus, the £VAR-mediated relaxation was 
dependent on: (1) the stage of hypertension (Borkowski et 
aL, 1992), (2) the agent used for preconstraction of vessels 
(Kontshi & Su, 1983; Carvalho ct al., 1987) and (3) the 
precontraction level (Konishi & Su, 1983; Carvalho ct aL, 
1987). ft is important to note that in all those studies, the |V- 
AR relaxant responses have been investigated by using 
isoproterenol, a nonselective p-AR agonist, and the contri- 
bution of each [.VAR subtype in the |.->,-adrenergic-mediated 
relaxation was not determined. There are only few data aboul 
the potential role of vascular |3 3 -AR in hypertension. In a 
canine perinephntic hypertension model, ^-adrenergic stim- 
ulation has been shown to be beneficial (Donckier et al., 

2001) . In 12-week-old spontaneously hypertensive rats, we 
have described an up-regulation of the fo-AR expression, 
albeit it was not associated with an increase in the fo- 
adrenergic- induced vasorelaxation (Mallem et aL, 2004), 



Concerning the role of ^-blockers in the hypertensive 
treatment, nebivolol which also possesses IV^R agonistic 
properties, seems the most appropriate [\-AR blocker for the 
management of patients with mild to moderate essential 
hypertension (Czuriga et aL, 2003). In addition, only nebivolol, 
a (i-blocker with HO donor properties, has been shown to 
improve endothelial function, but this effect results from the 
increase in NO and not from the (VAR blocking properties of 
the drug (Thuillez 8c Richard, 2005). 

A missense mutation of the (VrAR gene, resulting in 
replacement of tryptophan by arginine at codon 64 {W64R% has 
been described (Walston et aL, 1995; Widen et al., 1995; 
Clement et aL, 1995). This single nucleotide polymorphism has 
been associated with insulin resistance (Widen et aL. 1995), 
obesity in both adults (Clement et aL, 1995; Kurabayashi et aL, 
1996; Mitchell et aL, 1998) and children (Endo et aL, 2000), 
hypcrinsulincmia (Xiang ct aL, 1998), an increased capacity to 
gain weight (Clement et aL, i 995), and fasting concentrations of 
high-density lipoprotein (Thomas et aL, 2000) and glucose 
(Corella et aL, 2001). This polymorphism has also been 
associated with hypertension (Table 2; Tonolo et aL, 1999: 
Ringel et aL, 2000; Mao et aL, 2004). A study carried out in a 
large unselected sample of a white male working population in 
Southern Italy showed that the Trp64Arg variant of the fo-AR 
predicts a greater tendency to develop abdominal adiposity and 
high blood pressure with advancing age (Strazzullo et aL, 



Table 2 

Trp64Arg polymorphism in human ft.yAR and hypotension 



Population 



Association Comments 



References 



Caucasian population 
(Hungary) 



Japanese young 
Kuropean origin student 

Japanese population 

Caucasian population 

(Spain) with essential 

hypertension 
Caucasian population 

(German) with diabetes 

type 2 
Southern Chinese 



Sardinian 

Japanese with diabetes 

type 2 
Caucasian population 

(Germany) 
Caucasian 

(eastern Finland) 

Japanese 



147 healthy/295 obese children 



160 nonobese normotensive men 

1 75 adolescents: 121 normotensive and 

54 hypertensive 

1685; 935 women and 750 men of the 
cohort of Pu mi gala Diabetes study 
87 



417 

802 

494 
83 

6450 
375 

173 



Yes 

Yes 
No 

No 

No 

Yes in men 

No 

Yes 
No 
No 
No 

No 



Although the prevalence or this polymorphism 

was similar in children, it seems lo be 

associated with increased adiposity and higher 

fasting insulin levels 

BP elevation over 5 years 

Trp64Arg variant or the |4jt-AK gene may 

favor the central adiposity gain 

Genotype Arg/Arg was associated with obesity 

and type 2 diabetes 

Trp64Arg related with a different membrane 
lipid composition and erythrocyte sodium 
lithium counter transport values it 
No association with vascular complications 



Erhardt et aL, 2005 



Masuo el al., 2005 
Porto et al., 2004 

Oizumi et al., 2001 

Pamies-Andreu 
et al. 2000 

Ringel ei al.. 2000 



No involvement in the development of diabetes. Thomas et al., 2000 



hypertension or dyslipidaemia, but do suggest a 
relationship with obesity 
Association with higher scrum triglyceride 
levels 



No association with obesity, type 2 diabetes 
meliitus. dyslipidemia 

No association with resting metabolic rate, 
abdominal obesity, increased lipid oxidation, or 
earlier development ofNIDDM 
Not associated with essential hypertension, 
insulin sensitivity, or plasma catecholamine 
levels in hypertensive subjects 



Tonolo el al., 1999 



Baba ct al., 1998 
Buctiner et al., 1 998 



Rissanen et al., 1997 



Fujisawa ei al.. 1997 



666 



B. fiozec, C. Gaurhter / Pharmacology <& Therapeutics Iff (2006) 652-673 



2001). In a clinical trial (randomized, double-blind fashion), the 
effect of administration of norepinephrine was compared 
between 8 no n diabetic normotensive subjects with the 
Trp64Arg variant and 8 without. The Trp64Arg amino acid 
variant of the [^-AR seemed to confer increased sensitivity to 
the pressure effect of norepinephrine (Melis el al., 2002). This 
polymorphism seems to facilitate the development of hyper- 
tension in the presence of high adrenergic tone. Nevertheless, 
caution should be taken when associating gene polymorphism 
with and a multifactorial disease like hypertension. An account 
of environmental conditions and eventual synergistic polymor- 
phism to explain apparent contradictory results. Hypertension is 
a complex genetic disorder caused by interplay between several 
'risk' genes and environmental factors (genetic hcritabiliry 
approximately 30%). Most genetic studies of hypertension use a 
candidate gene approach and 2 conclusions have been made: (i) 
there is no association or linkage with the genes studied, or (ii) 
the hypertension phenotype is heterogeneous and subgroups 
with hypertension related to certain polymorphisms cannot be 
identified because of background noise. Studies using interme- 
diate phenotypes suggest the latter is most likely (Agarwai et al., 
2005). 

In the specific case of eclampsia, pre-eclampsia has been 
associated with an impairment of Pj-AR responsiveness 
(Rouget et ai., 2005). The Trp64Arg poly morph ism of the (*y 
AR did not seem to predispose to pre-eclampsia (Malina et ai, ? 
2004). Nevertheless, Zhang et al. (2005a) highlighted a 
puzzling relationship between the polymorphism and the risk 
of pre-eclampsia. 

6.3. Obesity and diabetes - mellitus 

Obesity has now become a major target for drug 
development not only for affecting obesity per se, but also 
for managing and preventing comorbid conditions such as 
diabetes and cardiovascular disease. Under investigation are 
agents that increase energy expenditure, that is P3-AR 
agonists. On the other hand, diabetes mellitus is a prevalent 
disease often associated with vascular complications, such as 
microangiopathy and atherosclerosis. Although the mechan- 



isms of vascular dysfunction are poorly understood, several 
studies provide data suggesting alterations in vascular 
responses to vasoactive agents. Moreover, studies carried 
out in animals (Turner & White, 1996) and humans 
(Johnstone et ai.. 1993) showed that endothelium-dependent 
vasodilation is impaired in diabetes mellitus. In diabetic rat, 
the effects of [4-AR stimulation on diastolic blood pressure 
was fully abolished (Gal lego et al., 2002). It has been shown 
as for heart failure, fVAR ^ fVAR density decreased and 
increased respectively in hearts of long-term diabetic rats. 
This could explain, at least in part, the impairment in cardiac 
function in chronic diabetes (Dinccr et al., 2001). It has been 
suggested that selective (5$~AR agonists exerted potent anti- 
diabetic effects in rodent models when given chronically 
(Arch & Wilson, 1 996). 

Molecular variations of (* 3 -AR may also lead to obesity, 
insulin resistance and type II diabetes mellitus (Table 3). The 
Trp64Arg polymorphism has been associated with early onset 
of type II diabetes (Walston et al., 1995), diabetic retinopathy 
and nephropathy in Japanese type II diabetes patients (Sakanc el 
al., 1997, 1998). More recently, it has been shown that the 
homozygote of (?. 3 -AR gene Trp64Arg mutation was related 
with diabetes (Xiu et ah, 2004), These various results open new 
research fields concerning the implication of fVAR, and 
particularly the fVAR subtype in the cardiovascular compli- 
cation of the diabetes mellitus. 

Diabetic retinopathy is the number 1 cause of blindness in 
humans between the ages of 20 and 74 years (Klein. 1996). 
Age-related macular degeneration is the predominant cause of 
blindness in the elderly population (O'Shea, 1996; Harris et al., 
1999). Although both diseases involve abnormal blood vessel 
growth in the eye, the mechanisms underlying this growth 
remain unknown. Results from these studies demonstrate for the 
first time that |i 3 -AR exist in human retinal endothelial cells. 
Alterations in sympathetic nerve activity may contribute to 
vascular complications of diabetes and diabetic retinopathy 
might result in changes in the f* 3 -AR signaling (Stein le et al., 
2003, 2005). Lf these in vitro studies on cultured cells can be 
extrapolated to the intact retinal circulation, the |A.rAR 
signaling might initiate retinal endothelial cell proliferation 



Table 3 

Trp64Arg polymorphism m human fVj-AR and coronary heart disease 



Population 


n 


Association 


Comments 


References 


Caucasian papulation 


1000 audiograph ically confirmed 


No 


No effect modification by gender and 


Stangl et n).. 2001 


(German) 


Coronary hcari disease/ 1 000 control 




atherogenic risk (actors 


Manraj el al.. 2001 


Indo-Muuriiian 


338 with premature coronary heart 


No direct link 


h\-AR gone variant seems to modulate 


patients 


disease/ J 48 control subjects 




the effects ofj^-AR blockers on triglyceride 








and HDL cholesterol concentrations 




White Americans 


271 with incident CHD cases/700 


Not predictive of 


TVp64Arg polymorphism is not a 


Morrison et al.. IW 




control subjects 


incident CHI) 


major predictor of atherosclerosis 


Pulkkincn ei aL IW 


Caucasian (Finland) 


1 85 nondiabetic subjects with 


No 


not significantly related to insulin 




angiographically confirmed CHD/1 19 




resistance 






subject with diabetes type 2 and CHD 








Japanese 


428 


No 




Tumaki et ;»}.. IW 


Chinese 


137 patients with angiographically 


No 


No association with the insulin 


Shcu ci al.. I«9<* 




documented coronary heart 




resistance syndrome 






disease/ 188 normal subjects 
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and migration, both of which being critical stages of 
angiogenesis. 

6.4. Coronary artery disease 

The localisation of (* 3 -AR on microcoronary arteries in 
humans indicates a potential role in coronaropathy (Dessy et al., 

2004) . Furthermore, nebivolol could induce an angiogenic 
response related to its p r AR agonistic properties (Dessy et al., 

2005) . It would therefore provide additional cardiovascular 
benefits in patients with ischemic cardiac or peripheral diseases. 
However, the roles of iVAR in ischaemia and reperfusion and 
whether their stimulation is protective or deleterious has not 
been determined. fo-AR stimulation, which has a negative 
inotropic effect could therefore spare the heart of excessive 
oxygen demand, and may therefore be cardioprotective. 

A study with a large sample of clinically well-characterized 
patients indicated that the Trp64Arg polymorphism did not 
represent a major risk factor for angiographically continued 
coronary artery disease (Stangi et al., 2001). In the same way, 
this polymorphism is neither a major predictor of atheroscle- 
rosis or coronary incidents in a sample of middle-aged white 
Americans (Morrison et al., 1999). 

After coronary artery bypass, the vascular [VAR responses 
are markedly abnormal, due in part to the exposure of vessels to 
endogenous catecholamines (Friedman el al., 1995; Sellke et al., 
1997). Several mechanisms were suggested to explain |?>-AR 
dysfunction after coronary artery bypass: (i) uncoupling of ft- 
AR from the G s ~protein~adenylyI cyclase complex (attributed 
to the rapid phosphorylation of the receptor); and/or (ii) 
impairment of the adenylyl cyclase moiety (Schranz et al., 
1993; Booth et al., 1998). In contrast, ft 3 -AR are only activated 
by high concentrations of catecholamines such as isoproterenol 
(Pietri-Rouxel & Strosberg, 1995). Furthermore, fo-AR have 
been shown to be relatively resistant to desensitization (Iwase et 
al., 2000). The effect of ft 3 -AR stimulation could increase the 
graft and the coronary flow after coronary artery bypass graft 
and the negative inotropic effect induced by f.\ r AR agonists in 
the human heart could reduce the myocardial oxygen 
consumption (Gauthier et al., 1996). It may result in an 
improvement of the heart oxygen supply/consumption ratio and 
thus accommodate for a reduced perfusion more especially as 
fVAR is present in human microcoronary arteries (Dessy et al, 
2004). 

The IMA malperfusion syndrome is a critical complication 
of coronary artery bypass graft operations (1.9% and up to 20% 
after primary coronary bypass and reoperation, respectively) 
and can have devastating effects on the outcome of a cardiac 
operation (Carrel et al., 1995). The aetiology of the syndrome is 
multifactorial, but a spasm of the graft has been frequently 
suggested and thus, the treatment implicated the use of 
vasodilator and inotropic drugs (Gautlino et al.. 1997). 
However, the vasoconstrictive effects of inotropic substances 
could reduce arterial graft flow and worsen the situation (He et 
al., 1 994). In this regard, when ft-AR agonists were nevertheless 
used in the perioperative period, drugs were usually nonselec- 
tive and presented a-AR properties (epinephrine, norepineph- 



rine, dobutamine, isoproterenol). Furthermore, it was admitted 
that internal mammary arteries exhibited moderate (Vf^-AR 
function, winch implied that use of F--AR agonists was not 
appropriate to reverse vasospasm (Uydes-Dogan et al., 1996). 
Thus, new p-AR agonists, having |A.rAR agonistic properties, 
might help to maintain the coronary artery bypass graft flow. 
However, the balance between global vasodilatory |i-AR 
effect and potential negative inotropic effect of J^-AR 
agonistic component must be evaluated, as no in vivo 
human study has defmitevely shown a negative inotropic 
effect of such drugs. Moreover, the specific changes in p-AR 
pathway in post-operative period constitute another field of 
investigation, particularly in the case of low post-operative 
cardiac output. 

The routine use of f*-AR blockers have been considered for 
patients who undergo revascularization after acute myocardial 
infarction in order to reduce mortality (Chen ct al., 2000). 
Although most patients are made asymptomatic after coronary 
artery bypass, there is evidence that blood flow through internal 
mammary artery grafts is inadequate for maximal exercise 
(Kawasuji et a!., 1993). The development of a third generation 
of ft -blockers with vasodilating properties resulting from a fV 
AR agonistic effect (nebivolol, bucindolol) might constitute an 
interesting new way of investigation (de Groot et al., 2003; 
Toda, 2003; Rozec et al., in press). 

7. Conclusion 

The characterization of functional (^-AR in the heart opens 
new fields of investigations. A lot remains to be done to fully 
characterize their intracellular signaling pathway(s), in partic- 
ular the involvement of different ion channels in their cardiac 
responses as well as their physiological roles in the regulation of 
the cardiac timet ion in the normal heart. At present time, no 
hypothesis could explain the discrepancies of IVadrenergic 
effects on cardiac contractility observed in vitro and in vivo. 
Thus, this point must be clarified. Furthermore, the levels of 
expression of [ ; , r AR, relative to those of j.^ , - and [V>-AR need to 
be examined across the different cardiac chambers and al 
different stages of the life. In addition, the factors regulating the 
abundance of each receptor subtype need to be identified, as 
well as neural, endocrine or metabolic factors governing the 
tissue-specific expression of putative ^ r AR isoforms. 

In vessels, the presence of 3 ^-AR subtypes that all produce 
a vasorelaxation, raises several questions. From a physiological 
point of view, as vascular ft 3 -AR are only stimulated by very 
high doses of catecholamines, they could be reserve receptors 
that are only activated during extreme or stressful conditions 
and exercise in order to reduce the blood pressure in response to 
physiological catecholamines. However, future studies are 
needed to confirm this hypothesis. 

In all cardiovascular pathologies investigated, f\i-AR were 
increased suggesting that they play an important role in those 
diseases. A better characterization of | V^R ancl the develop- 
ment of new compounds (agonists ancl antagonists) acting on 
{VAR could lead to identify new therapeutic targets and to 
better control the adrenergic system in those pathologies. 
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Abstract 

Nebivolol is a highly selective ^-adrenoceptor blocker with additional vasodilatory properties, which may be due to an endothelial-dependent 
p 3 -adrenergic activation of the endothelial nitric oxide synthase (eNOS). $ 3 -adrenergic eNOS activation has been described in human 
myocardium and is increased in human heart failure. Therefore, this study investigated whether nebivolol may induce an eNOS activation in 
cardiac tissue. Immunohistochemical stainings were performed using specific antibodies against eNOS translocation and eNOS serine 1177 
phosphorylation in rat isolated cardtomyocytes, human right atrial tissue (coronary bypass-operation), left ventricular non-failing (donor hearts) 
and failing myocardium after application of the p -adrenoceptor blockers nebivolol, metoprolol and carvedilol, as well as after application of BRL 
37344, a specific [^-adrenoceptor agonist, BRL 37344 (10 \xM) significantly increased eNOS activity in all investigated tissues (either via 
translocation or phosphorylation or both). None of the beta-blockers (each 10 mM), including nebivolol, increased either translocation or 
phosphorylation in any of the investigated tissues. In human failing myocardium, nebivolol (10 uM) decreased eNOS activity. In conclusion, 
nebivolol shows a tissue-specific eNOS activation. Nebivolol does not activate the endothelial eNOS in end-stage human heart failure and may 
thus reduce inhibitory effects of NO on myocardial contractility and on oxidative stress formation. This mode of action may be of advantage when 
treating heart failure patients. 
© 2006 Elsevier Inc. All rights reserved. 

Keywords: eNOS; Nebivolol; Carved! lol; Metoprolol; Heart failure; BRL 37344 



Introduction 

Nebivolol is a specific Pi -adrenoceptor blocker, which has 
been shown to cause vasodilation in various animal species and 
humans (Bowman et al., 1 994; Cockcroft et al, 1995; Gosgnach 
et al., 2001). It has been suggested that this effect is mediated by 
an endothelial-dependent release of nitric oxide (NO), because 
the nebivolol-induced vasodilation can be prevented by 
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mechanically disrupting the endothelium (Gao et al., 1991) or 
by inhibition of NO synthase (NOS) (Bowman et al., 1994). 

Recently, it was shown that the £ 3 -adrenergic pathways may 
be involved in the nebivolol-induced vasodilation/eNOS 
activation of rat aorta and human umbilical vein endothelial 
cells (Gosgnach et al., 2001). Additionally, it was shown a few 
years ago that cardiac (^-adrenergic stimulation also results in a 
release of nitric oxide, which decreases force of contraction, 
especially in human failing myocardium (Gauthier et al., 1996, 
1998). This ^-adrenergic increase of NO may further depress 
cardiac contractility in end-stage heart failure. 

Several mechanisms for eNOS activation have been 
discussed (for review see Fleming and Busse, 2003). Under 
basal conditions, eNOS is located at the cellular membrane 
close to caveolin. Upon receptor stimulation the caveolin/eNOS 
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interaction is initiated and eNOS may translocate from the cell 
membrane into the cytosol. Besides translocation, eNOS 
activity can be altered by phosphorylation of the enzyme. 
Phosphorylation at eNOS serine 1577 has been linked to an 
increase in eNOS activity, whereas a simultaneous phosphor- 
ylation of eNOS serine 1177 and -threonine 495 may be associated 
with a decline of NO-liberation (Dimmeler et al., 1999; Fleming 
et al., 2001). Phosphorylation of eNOS at serine 114 may induce 
a functional uncoupling of eNOS resulting in an increased 
release of superoxide anions (Fleming and Busse, 2003). 

^3-adrenergic stimulation induces different mechanisms of 
eNOS activation depending on the cardiac region investigated. 
In human right atrial myocardium, £ 3 -adrenergic stimulation 
induces a translocation and a phosphorylation of the eNOS 
enzyme at serine 1177 , whereas in human left ventricular non- 
failing myocardium only a phosphorylation of the eNOS 
enzyme at serine 1177 was observed. p 3 -adrenergic stimulation 
was not followed by a phosphorylation of eNOS threonine 495 or 
serine 114 (Pott et al., 2003; Brixius et al, 2004). 

This study investigates whether application of nebivolol may 
be associated with an increase in the cardiac eNOS activation in 
rat and human non-failing myocardium and whether this 
response is enhanced in end-stage heart failure. 

Materials and methods 

Isolated rat cardiomyocytes 

We isolated adult rat cardiomyocytes from healthy male 
Wistar rats (body weight 220-250 g, n^A). The rats were 
euthanized by cervical dislocation; the heart was excised, 
rapidly cannulated and perfused with Powell medium, (in mM; 
NaCl 110, KC1 2.5, MgS0 4 1.3, KH 2 P0 4 1.18, NaHC0 3 3.25, 
pH 7.4, 37 °C, equilibrated with 95% 0 2 : 5% C0 2 ) for 10 min 
with a modified Langendorff apparatus. Hearts were enzymat- 
ically digested with collagenase type II (Biochrom) in Powell 
buffer for 12-15 min and subjected to increasing concentration 
of calcium. Isolated cardiomyocytes were cultured on laminin 
coated culture dishes (laminin natural mouse, Coll. Biomedical) 
in supplemented medium Ml 99 (Gibco) containing per 500 ml 
Pen/Strep (Sigma) 5 ml; insulin H (H6chst) 7.2 I.E.; non- 
essential amino-acids (Gibco) 5 ml; MEM-vitamins (Gibco) 
10 ml). 

Human myocardial tissue 

Human non-failing ventricular trabeculae were obtained 
from 4 non- failing donor hearts (males, age: 52±2) that could 
not be transplanted due to technical reasons. No cardiac 
catheterization had been performed in the organ donor group, 
but none of the donors had a history of heart disease and all had 
normal left ventricular function as measured by 
echocardiography. 

Failing myocardial tissue was obtained from explanted 
hearts of 5 recipients at transplantation who had idiopathic 
dilated cardiomyopathy (stadium D, 4 males, I female, age: 
50±3). 



Right atrial myocardium was obtained from patients (7 male, 
5 female; age 12. \ ±1.2 years) who underwent coronary artery 
bypass grafting operations for coronary heart disease («=8) or 
valve disease operations («-4). None had clinical signs of heart 
failure. Medical treatment of right atrial tissue donors consisted 
of statins, nitrates, angiotensin-converting enzyme inhibitors, 
platelet inhibitors, diuretics and/or ^-adrenoceptor antagonists. 
The drugs used for general anaesthesia were flunitrazepam, 
fentanyl and pancuronium bromide with propofol. 

The study was approved by the local ethics committee and 
conforms with the Helsinki Declaration. 

Immunohistochemistry 

Pre-treatmeni of rat cardiomyocytes 

In order to investigate eNOS activation, we performed 
incubation procedures with rat cardiomyocytes by adding 
nebivolol (10 jimol/1) or BRL 37344 (10 u.mol/1). We then 
fixed the cells in 4% paraformaldehyde (PFA) for 20 min. 
Finally, we rinsed each dish in 0. 1 M phosphate buffered saline 
(PBS, in mmol/L; Na 2 HP0 4 0.08, NaH 2 P0 4 0.019, NaCl 0.15) 
buffer at least three times and stored at 4 °C until further 
immunocytochemical investigation. 

Pre-treatment and fixation of human myocardium 

The human myocardial samples were immediately placed in 
ice-cold pre-aerated modified Tyrode's solution and delivered 
to the laboratory within 10 min. In order to investigate eNOS 
activation, we performed pre-incubation procedures with 
freshly obtained tissue. Muscle strips of right atrial or left 
ventricular myocardium were suspended in separate organ baths 
for at least 30 min at 37 °C with oxygenated Tyrode's solution 
(in mM: NaCl 119.8, KC1 5.4, MgCl 2 L05, CaCl 2 1.8, 
NaH 2 P0 4 0.42, glucose 5.05, ascorbic acid 0.28, Na 2 EDTA 
0.05, pH: 7.4, 95% 0 2 , 5% C0 2 ), We then incubated the 
myocardium for 5 min with either nebivolol, metropolol, 
carvedilol, BRL 37344 (each 10 uM) or the solvent, before 
fixing in 4% paraformaldehyde for 4 h. Previous experiments 
have shown that maximum eNOS activation was reached after 
5 min incubation (Pott et al, 2003; Brixius et aL, 2004). 

After the PFA- incubation, the cardiac tissue was rinsed in 
0.1 M PBS for 24 h. Specimens were stored for another 18 h in 
PBS solution with 18% sucrose for cryoprotection and 
afterwards frozen at -80 °C with the help of a tissue tek 
embedding console system. 

Immunocytochemistry 

Prior to immunohistochemical examination, 10 jxm slices of 
pre-treated myocardial tissue and the dishes with rat cardio- 
myocytes were placed in a bathing solution of 3% H 2 0 2 and 
80% methanol for 30 min. We then permeabilized them with 
0.2% Triton-X 100 in 0.1 mol/l PBS. Thereafter, specimens 
were treated with 5% bovine serum album ine (BSA) solution in 
PBS. Prior to each step, the sections were rinsed in PBS buffer 
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at least three times. Incubation with the primary antibody was 
performed in a PBS-based solution of 0.8% BSA for 12 h at 
4 °C. After rinsing with PBS, the sections were incubated with 
the corresponding secondary biotinylated goat antj-rabbit 
antibody for I h at room temperature. A streptavidin- 
horseradish peroxidase complex was then applied as a detection 
system (1:100 dilution) for 1 h. Finally, staining was developed 
for 3-15 min with 3,3-diaminobenzidine tetrahydrochloride 
(DAB) in 0.05 mol/1 TRIS-HCI buffer and 0.1% H 2 0 2 . 
Negative control sections were incubated without the primary 
antibody. 

TV-densitometry 

For intensity analysis of immunostaining in rat cardiomyo- 
cytes and human myocardial samples, we measured the grey 
values of 30 cardiomyocytes from 6 randomly selected areas of 
each slice. The intensity of immunostaining was reported as a 
percentage of the mean of measured cardiomyocyte grey value 
minus the background grey value (%mArGV), where 0% was 
defined as totally white and 100% as totally black. The 
background grey value was measured at a cell free area of the 
slice. For staining intensity detection a Nikon microscope 
coupled to a black and white video camera connected to a frame 
grabber was used. The analysis was performed using the 
Optimas 6.01 image analysis program. 

We consequently excluded vascular structures. 

Materials 

The following primary antibodies were used for immuno- 
histochemistry: 1) rabbit anti-eNOS antibody against the bovine 



eNOS peptide (599-613) plus additional C-terminal Cys 
conjugated to KLH (PYNSSPREQHKSYKC) (Biomol, Ham- 
burg, Germany). This antibody has been previously shown to be 
specific in detecting the eNOS protein after dissociation from 
caveolin, i.e. after translocation (Bloch, 2001); 2) anti-phospho- 
eNOS Scr1177 (Upstate, Lake Placid, USA), corresponding to 
amino acids 1172-1183 of human eNOS. 

As secondary antibody, a biotinylated goat anti -rabbit was 
used for accentuation. Nebivolol was generously provided by 
Berlin-Chemie AG, Berlin, Germany; Metoprolol by Astra 
Gmbh, Wedel, Germany; Carvedilol by Boehringer Mannheim, 
Germany. The preferential f£ 3 -AR agonist BRL 37344 was 
obtained from Tocris (Bristol, United Kingdom). 

Statistical analysis 

All data are presented as mean ± SBM. Data were analyzed 
using Student's Mest for paired and unpaired data. Significance 
was considered at p value < 0.05. 

Results 

Rat cardiomyocytes 

To investigate whether nebivolol may influence eNOS 
activation in cardiac myocytes, possibly due to a £ 3 - 
adrenoceptor agonistic activity, we performed immunohisto- 
chemical staining using an antibody which specifically 
detects the activated form of the eNOS protein (Bloch et 
al., 2001). In addition, eNOS phosphorylation was measured 
at serine 1177 , a phosphorylation site which has been 
demonstrated to increase eNOS activity (Dimmeler et al., 



RAT ISOLATED VENTRICULAR CARDIOMYOCYTES 

Phosphorylation of eNOS Ser1t77 






Fig. 1. Immunohistociiemical detection of eNOS phosphorylation at serine 1 ' 77 (p-eNOS Scrl l77 ) in rat ventricular cardiomyocytes. No increase in p-eNOS ScrH77 
staining occurs in rat cardiomyocytes under control conditions and in the presence of nebivolol (NEB, iO fxM, 5 min, #1^4 dishes, 30 cells per dish). After application 
of BRL 37344 (BRL, 10 jxM, 5 min, n=4 dishes, 30 cells per dish), an increase in p-eNOS Sorl 1 77 can be observed. *p<Q.Q5. 
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1999). For comparison, we studied eNOS activation in 
isolated cardiomyocytes after application of BRL 37344 
(10 fiM), a preferential [^-adrenoceptor agonist, which has 
been previously shown to induce an eNOS activation via 
translocation and eNOS phosphorylation at Ser 1177 . Fig. 1 
shows original pictures taken from the experiments and 
summarizes the results. 

No alterations of eNOS translocation were observed after 
application of nebivolol or BRL 37344. eNOS Ser,m phosphor- 
ylation was only increased after application of BRL 37344. 

Human right atrial myocardium 



um under control conditions (/=0 min) and after application 
of nebivolol, metoprolol or carvedilol (10 uM, t*=5 min). For 
comparison, experiments were performed in the presence of 
BRL 37344 (10 uM, t^5 min). Figs. 2 and 3 present pic- 
tures taken from original immunostainings and summarize 
the results. 

No eNOS activation via translocation or eNOS Scr,m 
phosphorylation was observed in human right atrial myocardi- 
um myocytes after application of nebivolol, metoprolol or 
carvedilol. Only in the presence of BRL 37344 was a significant 
translocation and eNOS Ser1177 phosphorylation detected in 
human right atrial myocardium. 



Species differences may exist regarding the activation of 
the ^-adrenergic and the eNOS system. In addition, regional 
differences have been described for eNOS activation 
following p> 3 -adrenergic stimulation (Brixius et al., 2004). 
In order to investigate whether p -adrenoceptor blockers may 
influence eNOS activation in right atrial human myocardium, 
we performed immunohistochemical eNOS staining in 
isolated, electrically stimulated human right atrial myocardi- 



Inftuence of beta-blockers on eNOS activation in human non- 
failing and failing left ventricular myocardium 

Immunohistochemical studies were performed in isolated 
left ventricular trabeculae of human non-failing and failing 
left ventricular myocardium in the absence and presence 
nebivolol, metoprolol, carvedilol or BRL 37344 (each 10 uM, 
5 min). 
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Fig. 2. eNOS translocation in human right atrial myocardium. Only after application of BRL 37344 (10 uM, 5 min), can an increase in eNOS translocation be observed. 
V<0.05. 
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Fig. 3. uumunohistochemical detection of p~eNOS Scrl 177 protein in human right atrial myocardium. Only after application of BRL 37344 (10 u.M, 5 min), can an 
increase in eNOS phosphorylation at serine 1177 be observed. *p<0.05. 



Fig. 4 summarizes the results obtained in human non-failing 
myocardium. None of the (^-adrenoceptor blockers altered 
eNOS translocation and eNOS Serl 177 phosphorylation in human 
non-failing left ventricular cardiac myocytes. 

Figs. 5 and 6 show original pictures and summarize the data 
obtained in human failing myocardium. Only BRL 37344 
significantly increased eNOS translocation and Ser 1177 phos- 
phorylation, whereas nebivolol decreased the two parameters 
compared to control. Metoprolol and carvedilol did not alter 
eNOS activity. 

Discussion 

This study investigated the influence of nebivolol, carvedilol 
and metoprolol on eNOS activation in rat cardiomyocytes and 
human non-failing and failing myocardium. Whereas there was 
a clear reaction of BRL 37344, a preferential (^-adrenoceptor 
agonist, on eNOS activation in cardiac tissue, nebivolol, 
carvedilol and metoprolol did not alter eNOS activity in cardiac 



tissue. In human failing myocardium eNOS activation was 
depressed by nebivolol. 

Nebivolol is a specific p ! -adrenoceptor blocker, which has 
been shown to cause an endothelial-dependent vasodilation by 
liberation of nitric oxide in various animal species and humans 
due - at least partly - to a stimulation of the [.^-adrenoceptors 
(Bowman et aL, 1994; Cockcroft et al„ 1995; Gosgnach et aL, 
2001). The eNOS protein is also expressed in cardiomyocytes 
and there is an indication that £ 3 -adrenergic stimulation by BRL 
37344 may decrease cardiac contractility, especially in human 
failing myocardium due to eNOS activation and NO liberation 
(Gauthier et aL, 1996, 1998). In this study, nebivolol did not 
alter eNOS activity in human non-failing myocardium and even 
depressed eNOS activation in the failing heart. A depression of 
eNOS activation may be beneficial in human end-stage failing 
hearts since it may reduce the impairment of cardiac 
contractility (Gauthier et aL, 1996, 1998) and may also depress 
any oxidative stress which may result from an uncoupling of the 
eNOS protein (Dixon et aL, 2003). 
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Control Nebivolol Control Nebivolol 




Metoprolol Carvedilol Metoprotol Carvedilol 



120 

\ 8 

3? 40 - 



eNOS-Transiocation 



ill 




120-, 
80 



3 ~ 
o o 

if 

£ 3? 40 



3, 



p-eNOS 2 *' 1177 



ill 



I 

1 



CON NEB MET CAR 



CON NEB MET CAR 



Fig. 4. cNOS translocation and p-eNOS Serl 177 protein in human left ventricular non-failing myocardium. No alterations were observed in the presence of nebivolol, 
metoprolol, and carvedilol (each 10 |*M, 5 min) compared to control. 



HUMAN LEFT VENTRICULAR FAILING MYOCARDIUM 

A. eNOS-Translocation 
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Fig. 5. Immunohistochemical detection of eNOS translocation and p-eNOS 8 " 1177 protein in human left ventricular failing myocardium. Only in the presence of BRL 
37344 (10 mM, 5 min) was a significant increase in eNOS translocation and phosphorylation detected. Application of nebivolol decreased eNOS translocation and 
Ser M77 phosphorylation. No alterations were observed in the presence of metoprolol or carvedilol (each 10 jiM, 5 min) compared to control. 
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Fig. 6. Summarized data on the immunohistochemical detection of eNOS translocation and p-eNOS ScrU77 protein in human left ventricular failing myocardium. 



The tissue specific lack of eNOS activation by nebivolol in 
contrast to BRL 37344 may be due to nebivoloPs f3 r 
adrenoceptor selective blocking properties. In contrast to 
nebivolol, ($r and (^-adrenoceptor agonistic properties have 
been described for BRL 37344, especially in human atrial 
myocardium (Pott et ai., 2003). Thus, an interaction may exist 
between the three fS -adrenoceptor subtypes which may either 
facilitate or decrease eNOS activation depending on the 
mechanisms by which the adrenoceptors are influenced by 
each drug. However, this has to be investigated in further studies. 

Although we detected no clear mechanism to explain the 
lack of cardiac eNOS activation by nebivolol, the high 
vasoselectivity of NOIiberation by nebivolol may be of great 
importance regarding the NO- and fo-adrenoceptor-mediated 
alterations of heart rate. In clinical settings, [^-adrenoceptor 
agonists were shown to increase heart rate and blood pressure in 
humans (Wheeldon et al., 1994). In addition, in isolated, 
electrically stimulated human right atrial appendages CGP 
12177 (in the presence of 200 nM propranolol to block (J r and 
[^-adrenoceptors) has been shown to cause positive chrono- 
tropic effects (Kaumann, 1996). 

In conclusion, this study shows that nebivolol, metoprolol 
and carvedilol do not affect cardiac eNOS activation in human 
non-failing myocardium and even suppress eNOS activation in 
human failing myocardium. These vasoselective NO-liberating 
properties of nebivolol may be of special advantage when 
treating cardiovascular patients. 
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Cellular signaling can inhibit the membrane Na + -K + pump 
via protein kinase C (PKC)-dependent activation of NADPH 
oxidase and a downstream oxidative modification, giutathiony- 
lation, of the p x subunit of the pump a//3 heterodimer. It is 
firmly established that cAMP-dependent signaling also regu- 
lates the pump, and we have now examined the hypothesis that 
such regulation can be mediated by giutathionylation. Exposure 
of rabbit cardiac myocytes to the adenylyl cyclase activator for- 
skolin increased the co-immunoprecipitation of NADPH oxi- 
dase subunits p47 phox and p22 pho * t required for its activation, 
and increased superoxide-sensitive fluorescence. Forskolin also 
increased giutathionylation of the Na + -K + pump jSj subunit 
and decreased its co-immunoprecipitation with the subunit, 
findings similar to those already established for PKC-dependent 
signaling. The decrease in co-immunoprecipitation indicates a 
decrease in the subunit interaction known to be critical 

for pump function. In agreement with this, forskolin decreased 
ouabain-sensitive electrogenic Na + -K + pump current (arising 
from the 3:2 Na + :K + exchange ratio) of voltage-clamped, inter- 
nally perfused myocytes. The decrease was abolished by the 
inclusion of superoxide dismutase, the inhibitory peptide for the 
€-isoform of PKC or inhibitory peptide for NADPH oxidase in 
patch pipette solutions that perfuse the intracellular compart- 
ment. Pump inhibition was also abolished by inhibitors of pro- 
tein kinase A and phospholipase C. We conclude that cAMP- 
and PKC-dependent inhibition of the cardiac Na"**-K + pump 
occurs via a shared downstream oxidative signaling pathway 
involving NADPH oxidase activation and giutathionylation of 
the pump subunit. 



The membrane Na + -K + pump transports three Na + ions 
out of and two K + ions into cells against their electrochemical 
gradient using energy derived from hydrolysis of ATP. The Na + 
and K" 1 " ion gradients generated by the pump serve in secondary 
co- and counter-transport processes that maintain gradients 
for H" 1 ", Ca 2+ , Cl~~, and various organic molecules. Changes in 
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the intracellular Na + concentration can have wide-ranging 
effects on the intracellular milieu and, hence, cell function, 
including excitability, energy metabolism, and excitation-con- 
traction coupling. Regulation of the Na^-K" 1 " pump is, there- 
fore, important for cell homeostasis. 

The Na + -K + pump is a heterodimer that consists of a large a 
subunit and a much smaller /3 subunit. Each exists in several 
isoforms with a x and j8 x the most abundantly expressed (1). 
Hydrolysis of ATP and transport of Na + and K 4 " are mediated 
by the a subunit. The j3 subunit has a chaperone role in medi- 
ating membrane integration of newly synthesized a subunits. In 
addition, it influences transport properties of the assembled 
a//3 heterodimer. A conformational rearrangement of the het- 
erodimer during the catalytic cycle may couple the /3 subunit to 
function (2). 

Oxidative stimuli induce giutathionylation, a reversible oxi- 
dative modification, of Cys-46 of the /3 X subunit. Giutathiony- 
lation and an associated pump inhibition are abolished by 
mutation of Cys-46 indicating a causal relationship between the 
oxidative modification and pump function. This is supported 
by the absence of an effect of oxidative stimuli when expressed 
pump heterodimers contain wild-type j3 2 or j8 3 subunits that do 
not have a Cys-46 (3). The physiological relevance of giutathio- 
nylation is suggested by its coupling to hormone receptors and 
kinase-dependent signaling pathways. Exposure of cardiac 
myocytes to angiotensin II (Ang II) 3 increases giutathionylation 
and inhibits pump activity via protein kinase C (PKC) -depen- 
dent activation of NADPH oxidase (3, 4), Conversely, exposure 
of myocytes to j6 3 adrenergic receptor agonists decreases giuta- 
thionylation from base line and stimulates pump activity via 
activation of nitric oxide (NO) synthase and NO -dependent 
downstream pathways (5). 4 Thus, pump stimulation and inhi- 
bition are mediated by decreasing or increasing the degree of 
Cys-46 giutathionylation from base line. 

Cyclic AMP-dependent messenger pathways have also been 
reported to regulate the Na^-K 4 " pump. Such regulation occurs 
in many different tissues (6), including the heart (7-16), and is 
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reported to cause either pump stimulation or inhibition. In this 
study we show that the adenylyl cyclase activator forskolin can 
induce glutathionylation of the p x Na + -K" H pump subunit in 
cardiac myocytes. As expected from the glutathionylation of 
the subunit (3), exposure of voltage-clamped myocytes to for- 
skolin decreased electrogenic Na + -K + pump current (I p ). Par- 
allel studies on intact myocytes and functional studies on volt- 
age-clamped, internally perfused myocytes implicated the same 
oxidative signaling pathway in the forskolin-induced glutathio- 
nylation of the jSj subunit and decrease in I p . 

EXPERIMENTAL PROCEDURES 

Cells — Ventricular myocytes were isolated from rabbit hearts 
as described previously (17). They were stored at room temper- 
ature until used for experimentation and were used on the day 
of isolation only. Experimental protocols were approved by our 
institutional animal ethics and care committee. 

Protein Co-immunoprecipitation and Detection ofGlutathio- 
nylated Protein— Cells were lysed in ice-cold buffer containing 
150 mmol/liter NaCl, 50 mmol/liter Tris-HCl (pH 8.0), EDTA, 
and 1% Triton X-100. Protease inhibitors were added. The lysates 
were clarified by centrifugation at 16,000 X ^for 20 min and incu- 
bated with monoclonal antibody to the protein of interest or con- 
trol IgGs. Protein A/G plus-agarose beads (40 iA of a 50% slurry) 
were added to the supernatant for a further incubation of 1 h at 
4°C, Immunoprecipitated proteins were eluted by boiling for 5 
min in Laemmli sample buffer. Immune complexes were analyzed 
by SDS/PAGE and Western blot by probing with antibodies to 
ePKC (BD Biosciences), the receptor for the activated kinase 
(eRACK, BD Biosciences), $12 phox (Santa Cruz Biotechnology), 
p47 Phox ( Santa Cmz Biotechnology), and the a 1 or j8 x subunit of 
Na^-lC-ATPase (Upstate Biotechnology). To detect ^-glutathio- 
nylation of pump subunits, myocytes were loaded with bio- 
tinylated glutathione (GSH). After lysis, the biotin-tagged 
glutathionylated subfraction was precipitated using strep tavidin- 
Sepharose beads (18) and immunoblotted for ct 1 and j3 x Na^-K + 
pump subunits. In separate experiments the fi x subunit immuno- 
precipitate was immunoblotted with an antibody against gluta- 
thionylated protein (anti-GSH antibody, Invitrogen). Western 
blots were quantified by densitometry using a Las-4000 image 
reader and Multi Gauge 3.1 software (Fuji Photo Film Co., Ltd.) 
and normalized against relevant control. Exposure times were 
adjusted to ensure that the variation in signal intensity was in the 
linear dynamic range. 

Fluorescence Microscopy—The oxidative fluorescent dye 
dihydroethidium (DHE) was used to image intracellular as 
described previously (19, 20), Myocytes were incubated in the 
dark in Krebs solution containing 2 ^mol/liter DHE for 20 min 
at 37 °C. In some experiments they were preincubated in 170 
IU/ml pegylated superoxide dismutase (pegylated SOD, 
covalentiy attached polyethylene glycol polymer chain to SOD, 
which enhances cell association of the enzyme), 10 ^mol/liter 
apocynin, or 10 /xmol/liter myristoylated ePKC inhibitory pep- 
tide for 20 min before loading with DHE. Myocytes were then 
exposed to control solutions or solutions containing 100 nmol/ 
liter forskolin for 10 min before fixation in 2% paraformalde- 
hyde on ice for 4 min. They were washed and mounted on 
poly-L-lysine-coated glass slides in Vectashield and examined 



under a laser scanning confocal microscope (Nikon CI) 
equipped with an argon-krypton laser. The excitation wave- 
length was 488 nm, and the emission wavelength was 585 nm. 
The fluorescence images were obtained using constant settings 
of scanning speed, pinhole diameter, and voltage gain, Myo- 
cytes representative of each experimental condition were 
selected randomly for quantification of fluorescence intensity 
(Photoshop, Adobe). Only myocytes with clear striations and a 
rod-like shape were included in the analysis. The average inten- 
sity for cells from each experiment was normalized against its 
control (100%). 

Measurement of I p in Voltage-clamped Myocytes — Solutions 
and voltage clamp protocol were designed to minimize non- 
pump membrane currents in voltage-clamped myocytes. We 
used wide-tipped patch pipettes (4-5 fjan) tilled with solutions 
containing 5 mmol/liter HEPES, 2 mmol/liter MgATP, 5 
mmol/liter EGTA, 70 mmol/liter potassium glutamate, 10 
mmol/liter sodium glutamate, and 80 mmol/liter tetramethyl- 
ammonium chloride. The solution also contained 0.01 mmol/ 
liter L-arginine when indicated. Myocytes were initially super- 
fused with solution containing 140 mmol/liter NaCl, 5.6 mmol/ 
liter KCl, 2.16 mmol/liter CaCl 2 , 1 mmol/liter MgCl 2 , 10 mmol/ 
liter glucose, 0.44 mmol/liter NaH 2 P0 4 , 10 mmol/liter HEPES, 
and subsequently with a solution that was nominally Ca 2 ' -free 
and contained 2 mmol/liter BaCl 2 and 0.2 mmol/liter CdCi 2 . 
Na + -containing compounds in this solution were replaced with 
7s/-methyl-D-glutamine (21) to avoid transmembrane Na + 
influx that might cause an increase in the intracellular Na + 
concentration and secondary pump stimulation. This solution 
also included 100 nmol/liter forskolin when indicated. Because 
forskolin is expected to activate a large Cl~ current, we voltage- 
clamped myocytes at the equilibrium potential for CI™, calcu- 
lated from the composition of the superfusate and pipette solu- 
tion (—14 mV). I p was identified as the difference between 
stable holding current before and after Na + -K + pump blockade 
withlOO /nmol/liter ouabain. Na^-K 4 * pump currents are small 
relative to other membrane currents, and it is important for 
their accurate measurement that holding currents are stable 
before and after superfusion of ouabain. We used predeter- 
mined criteria for stability of holding currents, and the shift in 
the currents was induced by ouabain (22). I p was normalized for 
membrane capacitance and, hence, cell size. We switched to the 
ouabain-containing superfusate 8-10 min after the whole-cell 
configuration had been established in all experiments. As the 
effect of ouabain is not reversible within the time frame that 
stable holding currents can be reliably measured (22, 23), the 
suspension of myocytes was removed at the conclusion of the 
experimental protocol, and a new aliquot of myocytes was 
added to the tissue bath in ouabain-free solution. As a conse- 
quence, only one myocyte was studied per bath. 

Statistical Analysis— Results are expressed as the mean ± 
S.E. One-way analysis of variance was used for analysis of co- 
immunoprecipitation data, and a Student's t test was used for 
paired data, with single tail distribution for analysis of differ- 
ences in DHE fluorescence intensity levels between experi- 
ments and controls. Student's t test for unpaired data was used 
for analysis of patch clamp data, p < 0.05 is regarded as signif- 
icant in all comparisons. 
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FIGURE 1. Effect of forskolin on glutathionylation of the Na + -K + pump fa subunit and ot^/fa subunit interaction, A the immunoblot shows biotinylated 
GSS-j3 1 subunit after exposure of myocytes loaded with biotin-GSH to forskolin for 5, 15, or 30 min or vehicle control. B, shown is the effect of forskolin on 
glutathionylation of the fa subunit as shown by immunoblotting (IB) the fa subunit immunoprecipitate (/P) with GSH antibody. The immunoblot of the cell 
lysate and non-immune IgG control are also shown. C, control. C, shown is the effect of SOD on forskolin-induced glutathionylation as detected by the 
biotin-GSH technique. D, shown is the effect of forskolin on Na + -K + pump at^/fa subunit co-immunoprecipitation. Representative a, and fa subunit immu- 
noblots after immunoprecipitation with fa subunit antibody are shown. The histograms show mean densitometry of blots from three-four experiments, each 
normalized against control (%). IP indicates the antibody used for immunoprecipitation. IB indicates the antibody used for immunoblot. The asterisk indicates 
significant difference versus control. 



RESULTS 

Forskolin Induces Glutathionylation of the fi x Pump Subunit 
and Decreases Its Co-immunoprecipitation with the cxj Subunit — 
To examine the effect of c AMP -dependent signaling on gluta- 
thionylation of the pump j3 x subunit (3), myocytes were loaded 
with biotin-tagged GSH. They were then exposed to control 
solution or solution containing 100 nmol/liter forskolin for 5, 
15, or 30 min. The cells were lysed, and the glutathionylated 
protein subfraction was pulled down with streptavidin beads 
and immunoblotted with fi x subunit antibody. Fig, IA shows 
that there was an increase in glutathionylation of the f$ x subunit 
after 5 min of exposure to forskolin. The increase was sustained 
with exposure for 15 min, but there was a subsequent decrease 



by 30 min. 5 Fig. IB shows that forskolin also increased gluta- 
thionylation of the /3j subunit as detected by the independent 
GSH antibody technique (3). As shown in Fig. 1C, preincuba- 
tion of myocytes in solutions containing pegylated SOD abol- 
ished the forskolin-induced glutathionylation. 

The interaction of the pump 0 subunit with the catalytic a 
subunit is important for function, and glutathionylation of the 
($! subunit is associated with a reduction in its co-immunopre- 
cipitation with the ct x subunit (3). We examined the effect of 
forskolin on a 1 /fi 1 subunit co-immunoprecipitation. Myocytes 



5 Results of molecular, DHE fluorescence, and patch clamp studies used in this 
study are summarized and compared in Fig. 7. 
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FIGURE 2. Effect of forskolin on myocyte O^-sensitive DHE fluorescence and NADPH oxidase activation. 

A, confocal fluorescent micrographs and mean DHE-fluorescence intensity of control myocytes and myocytes 
exposed to forskolin are shown. Forskolin increased the fluorescence intensity. This increase was abolished by 
pegylated-SOD, apocynin (APO), or myristoylated ePKC inhibitory peptide. The number of experiments is 
shown in parentheses. B, shown is co-immunoprecipitation of p47 p/ ' ox and p22 phox subunits of NADPH oxidase. 
Representative immunoblots of p47 p/lox and p22 pAox immunoprecipitated with antibody to the p47 phox sub- 
unit after exposure of myocytes to forskolin are shown. IP indicates the antibody used for immunoprecipita- 
tion. IB indicates the antibody used for immunoblot. The histogram shows the mean densitometric measure- 
ments of immunoblots from three experiments standardized to the value of control samples. The asterisk 
represents significant difference compared with control. 



cubation of myocytes in solutions 
containing 170 IU/ml pegylated 
SOD or 10 /xmol/liter NADPH oxi- 
dase inhibitor apocynin blocked the 
increase in fluorescence supporting 
the specificity of the fluorescence 
signal and implicating the source of 
O; . Phosphorylation of the p47 phox 
by PKC, but not PKA, can activate 
NADPH oxidase (24), and we have 
previously found that activation of 
NADPH oxidase can be inhibited by 
an ePKC-inhibitory peptide (4), To 
examine if the forskolin-induced 
increase in DHE fluorescence might 
be dependent on ePKC, we incu- 
bated myocytes with 10 /xmol/liter 
membrane-permeable, myristoy- 
lated ePKC inhibitory peptide. It 
abolished the forskolin-induced 
increase in fluorescence. To exam- 
ine if forskolin increases co-immu- 
noprecipitation of the p47 phox 
NADPH oxidase subunit with 
the p22 phox subunit, we exposed 
myocytes to 100 nmol/liter 
forskolin or to control solutions 
for 15 min. Cell lysate was immu- 
noprecipitated with antibody to 
the p47 phox subunit, and the pre- 
cipitate was immunoblotted with 
antibody to p22 phax . Fig. 2B shows 
that forskolin increased the 
co-immunoprecipitation. 
Forskolin Inhibits I p in Cardiac 



were exposed to 100 or 500 nmol/liter forskolin for 15 min 
before lysis. The lysate was immunoprecipitated with j3 x 
subunit antibody and immunoblotted with a x subunit anti- 
body. Fig. ID shows that forskolin reduced olJP x subunit 
co-immunoprecipitation. 

Forskolin Induces ePKC-dependent Activation of NADPH 
Oxidase— As the Na + -K + pump subunits co-immunoprecipi- 
tate with the membrane-associated p22 phox subunits of 
NADPH oxidase in cardiac myocytes (4) and SOD abolished the 
forskolin-induced glutathionylation, we examined if forskolin 
activates NADPH oxidase. Two techniques were used, 
OJ-sensitive DHE fluorescence and co-immunoprecipitation 
of the cytosolic p47^ w NADPH oxidase subunit with p22 phox , 
reflecting the translocation that is necessary for activation. We 
loaded myocytes with DHE and exposed them to 100 nmol/liter 
forskolin for 10 min or to control solutions. Representative 
micrographs and a summary histogram are shown in Fig. 2A. 
Forskolin increased the intensity of DHE fluorescence. Prein- 



Myocytes— The forskolin-induced 
increase in glutathionylation of the 
/3 X subunit of the Na^-K" 1 " pump in 
cardiac myocytes shown in Fig. 1 is 
expected to cause pump inhibition 
(3) and is, therefore, difficult to reconcile with the pump stim- 
ulation widely reported to be mediated by cAMP-dependent 
pathways. We examined the effect of forskolin on I p measured 
in myocytes with the whole-cell patch clamp technique. With 
this technique, the intracellular compartment is perfused with 
patch pipette solutions, and the concentration of some low 
molecular weight substances is expected to be altered. L-Argi- 
nine is of particular interest as either a decrease or an increase 
in its concentration may promote oxidation; a reduction in 
L-arginine levels may uncouple nitric-oxide synthase to prefer- 
entially synthesize superoxide rather than NO. Conversely, NO 
synthesized from supplemental L-arginine may combine with 
superoxide to form the highly oxidant species peroxynitrite. To 
minimize risk of an experimental artifact resulting from alter- 
ations in intracellular L-arginine concentrations, initial experi- 
ments were performed with and without L-arginine included in 
patch pipette solutions. In a first series of experiments we 
included 10 /xmol/liter L-arginine in pipette solutions, a con- 
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FIGURE 3. Effect of forskolin on Na + -K + pump current in myocytes. Panel A shows the timing of changes in 
the composition of su perfusates. The arrow on the leftside of the panel indicates establishment of the whole-cell 
configuration and, hence, perfusion of the intracellular compartment with pipette solution. The switch from a 
Ca 2+ -containing, forskolin-free solution in the tissue bath to a nominally Ca 2 *-free solution containing Ba 2+ , 
Cd 2+ , and forskolin and the switch to a solution also containing ouabain (the arrowon the right side of the panel) 
are shown. Panel B shows examples of holding currents. Large changes in the currents that occur the first 1 -2 
min after the switch to Na + - and Ca 2+ -free Ba 2+ - and Cd 2+ -containing superfusate before currents stabilize are 
not shown. Stable holding currents before exposure of myocytes to ouabain are important for the measure- 
ment of l p . Stability of the currents as well as the ouabain-induced shift in them was identified; from the 
read-out of an electronic cursor. C m indicates membrane capacitance in picofarads (pf). Panel C shows the 
mean l p normalized for membrane capacitance. The pipette solution contained L-arginine where indicated. 
The numbers of myocytes in each group are indicated in parentheses. The asterisk indicates a significant 
difference between the means of l p . 

centration ~ 10-fold above the K D for relevant nitric-oxide syn- 
thase isoforms (19). The myocytes were superf used with fors- 
kolin-free "standard" Na + ~ and Ca 2+ -containing Tyrode 
solution, whereas the whole-cell configuration was established. 
We then switched to a nominally Nat -free superfusate to rule 
out influx of Na + that might cause secondary pump stimula- 
tion. This superfusate was also nominally Ca 2+ -free. It con- 
tained forskolin or was forskolin-free in control experiments. 
Fig. shows the timing of changes in the composition of 
superfusates. Fig. 3B shows currents of a control myocyte and a 
myocyte exposed to forskolin. I p was smaller for the myocyte 
exposed to forskolin than for the control myocyte. Fig. 3C 
shows that forskolin induced a statistically significant decrease 
in mean I p . An independent set of experiments was performed 
using an identical protocol with the exception that pipette solu- 



tions did not contain L-arginine. 
Results are included in Fig. 3C. In 
agreement with our previous study 
(19), I p in control experiments was 
smaller than in experiments per- 
formed using patch pipettes con- 
taining L-arginine. However, for- 
skolin again significantly reduced I p . 
Holding currents after Na + -IC h 
pump blockade with ouabain in 
both sets of experiments were very 
small and similar for control myo- 
cytes and myocytes exposed to for- 
skolin, consistent with use of the 
calculated equilibrium potential for 
chloride as the test potential. Al- 
though qualitatively similar, the for- 
skolin-induced decrease in I p 
appeared larger when L-arginine 
was included in pipette solutions. 
To avoid a bias in favor of Na + -K + 
pump inhibition that we expected 
from the /3 X subunit glutathionyla- 
tion and to facilitate comparisons 
with previous studies, we used 
patch pipette solutions without 
added L-arginine in all subsequent 
experiments. 

Effect of H-89 and ePKC Inhibitory 
Peptide on the Forskolin-induced 
Na + -K + Pump Inhibition— -We next 
included 500 nmol/liter H-89, an 
inhibitor of PKA, in patch pipette 
solutions and exposed myocytes to 
superfusate with or without for- 
skolin. Fig. 4 shows that H-89 
abolished the decrease in I 
Because cross-talk between 
ePKC and PKA has been reported 
(25), we included 100 nmol/liter 
ePKC inhibitory peptide in patch 
pipette solutions (26). It abolished 
- the forskolin-induced decrease in 
I p . PKA-dependent activation of PKC is mediated by phos- 
pholipase C (PLC) in non-cardiac tissues (25, 27, 28). We, 
therefore, included the PLC inhibitor U-73,122 in pipette 
solutions in a concentration of 1 jotmol/liter. This abolished 
the forskolin-induced decrease in I p as shown in Fig. 4. 

Functional studies in myocytes internally perfused with 
patch pipette solution supported a role for ePKC in forskolin- 
induced pump inhibition. We examined if forskolin increases 
co-immunoprecipitation of ePKC with eRACK in intact myo- 
cytes. Ang II, a known activator of ePKC in cardiac myocytes 
(4), was used as a positive control. Myocytes were exposed to 
100 nmol/liter forskolin, 100 nmol/liter Ang II, or vehicle con- 
trol solutions for 15 min. The lysate was immunoprecipitated 
with antibodies to ePKC, and the precipitate was immuiio- 
blotted with antibodies to eRACK. Fig. 5 shows that both Ang II 



p* 
the 



1 3716 JOURNAL OF BIOLOGICAL CHEMISTRY 



VOLUME 285 • NUMBER 1 8- APRIL 30, 201 0 



ForskoUn-induced Glutathionylation andNa + ~K+ Pump Inhibition 



0.5 i 



0.4 



0.3 



I 



0.2 - 



0.1 



0.0 



No Forskolin 
Forskolin 



(9) 



X 



(7) 



X 




(6) 




J 



(6) 



I 



H-89 



U-73122 



ePKC 
Inhib Pep 
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and forskolin induced an increase in co-immunoprecipitation 
of ePKC with eRACK. Preincubation of myocytes with 500 
nmol/liter H-89 prevented the forskolin-, but not the Ang II- 
induced increase in co-immunoprecipitation. These results 
suggest activation of ePKC is sensitive to H-89, consistent with 
the functional effects of both H-89 and the ePKC inhibitory 
peptide to abolish the forskolin-induced decrease in I p shown in 
Fig. 4. 

Oxidative Signaling Mediates the Forskolin-induced Decrease 
in l p — We next examined the role of NADPH oxidase and 
oxidant signaling in the forskolin-induced decrease in I p , To 
examine the role of OJ, we included 200 IU/ml SOD in patch 
pipette solutions and measured I p after exposing the patch- 
clamped myocytes to superfusates containing forskolin or to 
control superfusates. Fig. 6 shows that SOD abolished the 
forskolin-induced decrease in I p . In another series of exper- 
iments we inhibited NADPH oxidase. We exposed myocytes 
to 10 ^tmol/liter apocynin, included in the superfusate 
because it is readily membrane-permeable, or we used the 
gp91ds peptide to inhibit docking of p47 /?w " and, hence, acti- 
vation of NADPH oxidase. The gp 9 Ids peptide is usually 
considered a low efficacy inhibitor when combined with the 
tat peptide that is used to facilitate transmembrane entry 
into intact cells (29). However, the whole cell patch clamp 
technique allowed us to directly perfuse the intracellular 
compartment with a tat-free compound. We included it in 
patch pipette solutions in a concentration of 10 ^mol/liter, a 
concentration expected to prevent activation of NADPH 
oxidase (4). As shown in Fig. 6, forskolin-induced pump inhi- 
bition was abolished by apocynin or gp91ds peptide. 



DISCUSSION 

Na~*~-K + pump inhibition medi- 
ated by c AMP -dependent pathways 
in cardiac myocytes was reported in 
early studies (8, 9), but many more 
recent studies have reported that 
these pathways mediate pump stim- 
ulation either by increasing maxi- 
mal pump rate or by increasing 
pump affinity for intracellular Na + 
(7, 11-16, 30). In our study, forsko- 
lin induced glutathionylation of the 
Na + -K + pump j3 1 subunit. Because 
glutathionylation of the subunit is 
causally related to Na^-K" 1 " pump 
inhibition (3), this is concordant 
with the forskolin-induced pump 
inhibition we demonstrated in func- 
tional studies. 

We used the whole-cell patch 
clamp technique to examine func- 
tional effects of cAMP-dependent 
pathways on the Na + -K + pump, as 
have most previous studies. If wide- 
tipped patch pipettes are used, the 
technique will in principle allow 
control of membrane voltage and 
the concentration of Na + -K + pump ligands on both sides of the 
membrane in a largely intact cell. However, sources of error 
from transmembrane Na + influx (31) or unstable base-line 
membrane currents can easily contaminate measurement of 
the small pump currents. Even when wide -tipped patch 
pipettes are used, agonist-induced Na + influx and secondary 
pump stimulation can cause a large increase in the I p that is 
measured (32). We used wide -tipped patch pipettes to optimize 
control of the intracellular milieu, and we used Na + -free super- 
fusates to eliminate errors from transmembrane Na + influx. 
Activation of the c AMP -dependent CP current might change 
the intracellular CI™ concentration and, hence, the electro- 
chemical driving force for the Na" h /K + /2C1~ co-transporter. 
Activation of the co-transporter in turn can alter the ouabain- 
sensitive current that defines I p (32). We used the calculated 
equilibrium potential for Cl~ as the test potential to eliminate a 
net change in cAMP-dependent Cl~ channel fluxes. As indi- 
cated by the similar holding currents after supervision of oua- 
bain in experiments performed with and without forskolin, this 
objective was achieved. 

Experimental activation of cAMP-dependent pathways in 
previous studies on the cardiac myocyte Na^-K 4 " pump has 
been achieved by exposing myocytes to a j3 adrenergic receptor 
agonist or by directly activating adenyl cyclase with exposure to 
forskolin. Receptor activation is the most physiologically rele- 
vant of the two approaches. However, available agonists have 
poor selectivity against the three different j3 adrenergic recep- 
tor subtypes (33), and the compounds used in some previous 
studies may have activated the )S 3 adrenergic receptor that is 
coupled to activation of nitric-oxide synthase. We have found 
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FIGURE 5. Effect of forskoiin on co-immunoprecipitation of ePKC with RACK. Myocytes exposed to Ang II 
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increase in ePKC/RACK co-immunoprecipitation, but this was abolished by H-89. The asterisk indicates signif- 
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the /3 3 adrenergic receptor mediates stimulation of the Na + -K + 
pump in cardiac myocytes (5). 5 We, therefore, used forskoiin, as 
have most of the recent studies (7, 11, 12, 15, 16). 

Data from functional Na^-K" 4 " pump studies, studies on myo- 
cyte DHE fluorescence, and molecular studies implicated the 
pathway summarized at the top of Fig, 7. Although effects of 
cAMP-dependent pathways are classically attributed to PICA- 
mediated phosphorylation of effector proteins, the exchange 
protein directly activated by cAMP (Epac) has also become rec- 
ognized as important. PKA and Epac can act independently of 
each other, in synergy or antagonistically (34). The effect of 
H-89 to block the forskolin-induced decrease in I p and increase 
in co-immunoprecipitation of ePKC with RACK suggests a 
requirement for PKA activation but does not necessarily rule 
out a synergistic role of Epac. 

PLC j3- and e-isoforms can be activated downstream from 
PKA (25) or Epac (35), and the effect of U-73,122 to abolish the 
forskolin-induced decrease in I p is consistent with a role for 
PLC activation in our study. An increase in diacylglycerol levels 
in turn may activate PKC These results are also consistent with 



IP: ePKC studies in the kidney showing PKA/ 

PKC cross -talk-dependent Na^-K" 1 " 
pump inhibition attributed to PLC 
activation (27). 

The forskolin-induced increase 
in ePKC/RACK co-immunoprecipi- 
tation implicates PKC. The effect of 
the ePKC inhibitor peptide to abol- 
ish both an increase in DHE fluores- 
cence and a decrease in I p supports 
the functional role of PKC activa- 
tion. PKC-dependent phosphoryla- 
tion of the cytosolic NADPH oxi- 
dase subunit p47 phox induces its 
translocation to the membranous 
p22 phwc subunit that is required for 
activation of NADPH oxidase (24). 
Consistent with NADPH oxidase 
activation, forskoiin induced an 
increase in co-immunoprecipita- 
tion of P 47^ w with p22 phox , and 
apocynin abolished the forskolin- 
induced increase in DHE fluores- 
cence. The effect of the gp 9 Ids pep- 
tide used to block docking of 
p47^ w is also consistent with a 
downstream NADPH oxidase de- 
pendence of Na^-K" 1 " pump inhibi- 
tion. Because proximity to a source 
of oxidants is important for the spe- 
cific oxidative modification of target 
proteins (36), the co -localization of 
the NADPH oxidase complex with 
the Na + -K + pump we have 
reported previously (4) should facil- 
itate glutathionylation of the pump 
j3 x subunit and the functional equiv- 
alent of inhibition. 
Perfusion of the intracellular compartment using patch 
pipettes with particularly wide tips in our study might have 
altered signaling pathways. However, the concordance of 
results in voltage-clamped, internally perfused myocytes and 
intact myocytes studied with fluorescence and molecular tech- 
niques, summarized in Fig. 7, suggest that signaling domains 
are not readily susceptible to changes induced by myocyte per- 
fusion. This may reflect compartmentalization of signaling and 
perhaps anchoring of key signaling molecules. Taken together, 
the results suggest the signaling pathway shown in Fig. 7 is 
plausible, and the consistency of results obtained with different 
techniques supports the overall validity of the study. 

The time dependence of the forskolin-induced increase in 
glutathionylation shown in Fig, IA suggests that effects are not 
sustained long term. This may reflect a cellular homeostatic 
response to activation of cAMP-dependent signaling that ter- 
minates a phosphorylation-dependent part of the signal as dis- 
cussed previously (37). For the variable we measure here, mech- 
anisms that inactivate the downstream oxidative signaling 
pathway or directly activate deglutathionylation may have addi- 



13718 JOURNAL OF BIOLOGICAL CHEMISTRY 



VOLUME 285 'NUMBER 18* APRIL 30, 2010 



Forskolin-inducedGlutathionylation andNa + -K + Pump Inhibition 



cx 



OS n 



0.4 



0.3 



0.2 



0.1 - 



0.0 



(9) 



II 



x 



(5) 



I 



I 



(9) 



I 



(10) 



I 



(5) 



SOD 



Apo 



gp91ds 



FIGURE 6, Role of superoxide and NADPH oxidase in forskolin induced Na + -K + pump inhibition. Myo- 
cytes were perfused with pipette solutions containing SOD, apocynin {Apo), or the gp91ds peptide as indi- 
cated. The data from myocytes not exposed to inhibitors, previously presented in Fig. 1, is included for refer- 
ence. Numbers of myocytes in each group are indicated in parentheses. The asterisk indicates a significant 
difference compared with control. pF, picofarads. 
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FIGURE 7. Summary of molecular, fluorescence, and patch clamp studies 
on effects of forskolin. Steps in the signaling pathway that are implicated 
are shown at the top with stimulation and inhibition indicated by 4- and — . 
Blocks of responses to forskolin are indicated below by X. Glutathionylation 
of the /3 1 subunit is indicated by GSS-0,, and Na + -K + pump current is indi- 



No Forskolin tance for the present study that 

Forskolin adverse effects of NADPH oxidase- 

dependent redox signaling may also 
contribute (40). Efficacy of treat- 
ments that target dysregulation of 
adrenergic signaling in heart failure 
trials are consistent with an in vivo 
relevance of our results. Blockade of 
adenyl cyclase-coupled receptors by 
"/3-blockers" may exert some of its 
benefit (41) by reducing oxidative 
stress, reversing Na^-K" 1 " pump 
inhibition, and hence, reducing cel- 
lular Na + overload. This contrasts 
with the long term detrimental 
effect of activation of cAMP- 
dependent signaling by a j3 x adre- 
nergic receptor agonist (42) or a 
phosphodiesterase III inhibitor (43) 
documented in clinical trials. The 
common role of PKC-dependent 
NADPH oxidase activation in 
both Ang II- and cAMP-induced 
Na + -K + pump inhibition may contribute to the well estab- 
lished therapeutic synergy between angiotensin-converting 
enzyme inhibitors and ^-blockers in heart failure (41). Their 
combined use is expected to inhibit the shared oxidative signal- 
ing pathway more effectively than either group of drugs used 
alone. 
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Abstract 

Activation of p 3 adrenergic receptors on the surface of adi- 
pocytes leads to increases in intracellular cAMP and stimu* 
lation of lipolysis. In brown adipose tissue, this serves to up- 
regulate and activate the mitochondrial uncoupling protein 
1, which mediates a proton conductance pathway that un- 
couples oxidative phosphorylation, leading to a net increase 
in energy expenditure. While chronic treatment with p 3 ag- 
onists in nonprimate species leads to uncoupling protein 1 
up-regulation and weight loss, the relevance of this mecha- 
nism to energy metabolism in primates, which have much 
lower levels of brown adipose tissue, has been questioned. 
With the discovery of L-755,507, a potent and selective par- 
tial agonist for both human and rhesus p 3 receptors, we now 
demonstrate that acute exposure of rhesus monkeys to a p 3 
agonist elicits lipolysis and metabolic rate elevation, and 
that chronic exposure increases uncoupling protein 1 ex- 
pression in rhesus brown adipose tissue. These data suggest 
a role for p 3 agonists in the treatment of human obesity, (X 
Clin. Invest 1998. 101:2387-2393.) Key words: obesity . lipol- 
ysis • brown fat • uncoupling protein • energy metabolism 

Introduction 

Obesity constitutes a major risk-factor in the development of 
non-insulin-dependent diabetes and cardiovascular disease. 
This condition is difficult to control by food restriction alone 
because compensatory decreases in metabolic rate follow re- 
ductions in body weight imposed by reduced caloric intake (1). 
Thus, to offset this metabolic resistance to weight loss, an in- 
crease in energy expenditure (stimulation of metabolic rate) 
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would be a desirable component of antiobesity therapy. A 
unique p adrenergic receptor subtype has been identified on 
the surface of rat adipocytes. Activation of this receptor, sub- 
sequently termed p 3 , leads to increases in cellular cAMP and 
stimulation of lipolysis (2). In brown adipose tissue (BAT), 1 
these serve to up-regulate and activate the mitochondrial un- 
coupling protein (UCP1), which mediates a proton conduc- 
tance pathway that uncouples oxidative phosphorylation from 
fatty acid p oxidation, leading to a net increase in energy utili- 
zation (3). There is an ongoing debate as to whether UCP1 
acts directly as a proton transporter, or as a fatty acid anion 
transporter where the free fatty acids function as cycling pro- 
tonophores (3, 4). A number of rat-selective p 3 agonists have 
been discovered (2, 3, 5, 6) and shown to cause increases in 
metabolic rate, weight loss, and an improvement in glucose tol- 
erance in dogs and rats (5-8). The observed weight loss re- 
sulted from a decrease in body lipids with no decrease in mus- 
cle mass (8). However, the relevance of this mechanism of 
energy metabolism in primates, which have much lower levels 
of BAT, has been questioned (3). Studies with these com- 
pounds in humans were inconclusive at best, and were compli- 
cated by side-effects of tremors and tachycardia, presumably 
via stimulation of p 2 and p, receptors, respectively (9, 10). The 
reason for these failures became clear with the identification 
and cloning of a human 0 3 receptor (11, 12) and the demon- 
stration of pharmacological differences between the rat and 
human p 3 receptors (13). Our own unpublished results show 
that all of the p 3 agonists tested in the clinic to date are only 
weak partial agonists of the human p 3 receptor, and are not se- 
lective for the p 3 receptor over the and p 2 receptors in hu- 
mans. Thus our research focused on the discovery of p 3 ago- 
nists selective for the human receptor. 

Several groups have utilized CGP12177, a $ x and p 2 adren- 
ergic receptor antagonist and a weak p 3 adrenergic receptor 
agonist, to demonstrate that p 3 adrenergic agonists will stim- 
ulate lipolysis in humans and some species of nonhuman 
primates (14, 15). As is generally observed with agonists of 
G protein-coupled receptors, the efficacy and potency of 
CGP12177 as a |3 3 agonist varies dramatically with the level 
of expression of the p 3 receptor (16). Accordingly, we have 
assessed p 3 agonist activity in cell lines expressing low levels 
(< 100 fmol/mg) of the p 3 receptor, which mimic the pharma- 
cology observed in human adipocyes. 



1. Abbreviations used in this paper: BAT, brown adipose tissue; RQ, 
respiratory quotient; UCP, uncoupling protein; WAT, white adipose 
tissue. 
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Methods 

Unless otherwise noted, all chemical reagents were purchased from 
Sigma Chemical Co. (St. Louis, MO). 

Functional assays. The human receptor was obtained from Dr. 
J. Grannemann (Wayne State University, Detroit, Mr), and other re- 
ceptors were cloned as previously described (17, 18). Human and 
rhesus monkey p lt (3 2 , and (3 3 receptors were expressed in mammalian 
cell lines for the primary screening assays. CHO cells, stably trans- 
fected with the cloned (5-adrenergic receptors were harvested in en- 
zyme-free dissociation media (Specialty Media, Lavaliette, NJ) 3 d af- 
ter plating. Cells were counted and distributed in the assay tubes, 
after being resuspended in ACC buffer (75 mM Tris, pH 7.4, 250 mM 
sucrose, 12.5 mM MgCI 2 , 1.5 mM EDTA), containing the antioxidant 
sodium metabisulfite at a concentration of 0.2 mM and a phosphodi- 
esterase inhibitor (0.6 mM IBMX). The cAMP production reaction 
was initiated by mixing cells with 20 p.1 of a 6X stock of the ligand to 
be tested. Tubes were shaken at 275 rpm for 45 min at room tempera- 
ture, and the reaction stopped by boiling the tubes for 3 min. The 
cAMP produced in response to the ligand was measured in the iysate 
by competing against [ 125 I]-cAMP for binding to a cAMP-directed an- 
tibody using an automated RIA machine (ATTOFLO; Atto Instru- 
ments, Baltimore, MD). The cAMP level was determined by compar- 
ison to a standard curve. 

Binding assays. CHO cells expressing the cloned human and 
rhesus 0 receptors were grown in selective media for 3 d and mem- 
branes prepared by hypotonic lysis in 1 mM Tris, pH 7.2. Receptor 
binding assays were carried out in a final volume of 250 u,l containing 
5-10 u,g of membrane protein, the radioligand [ 125 I]-cyanopindolol at 
a concentration of 45 pM, and the compound of interest at various 
concentrations. Binding reactions were carried out for 1 h at 23°C, 
and terminated by filtration over GF/C filters using a 96-weIi cell har- 
vester from Inotech (Lansing, MI). 

Lipolysis assays. Rhesus adipose tissue was obtained by surgical 
biopsy of subcutaneous adipose depots and used immediately. Adi- 
pose cells were harvested from the tissue after digestion with collage- 
nase D (Boehringer Mannheim, Indianapolis, IN) as described by 
Rodbell (19) or performed directly on minced tissue pieces (50-100 
mg/assay). The incubation mixture was shaken gently in an incubator 
under 5% C0 2 atmosphere for 2 h. The infranatant was collected for 
glycerol determination. The glycerol content of the samples was de- 
termined by the glycerol kinase procedure, using the Sigma Chemical 
Co. kit337A. 

Western analysis. Antibodies were generated in rabbits after im- 
munization with the peptide corresponding to residues 232-247 of the 
human UCP1. This sequence is homologous to the corresponding se- 
quence in the rhesus protein, Tissue homogenates were electropho- 
resed using SDS-PAGE, and transferred to nitrocellulose before 
incubation with antibody. The signals were quantitated on a fluorim- 
ager (Molecular Dynamics, Sunnyvale, CA) using the substrate At- 
tophos™ (JBL Scientific Inc., San Luis Obispo, CA), Western analy- 
sis using increasing concentrations of homogenized tissue produced a 
linear response. Analysis of each sample was performed on three sep- 
arate gels. Data for samples on each gel were normalized to one post- 
treatment vehicle sample before averaging the three values for each 
sample. Protein concentrations were determined using the Bradford 
reagent. Data were analyzed using the GraphPad Prism program 
(San Diego, CA). 

Measurement of lipolysis and heart rate in vivo. All animal proce- 
dures were reviewed and approved by the Merck Research Laborato- 
ries Institutional Animal Care and Use Committee. Male lean rhesus 
monkeys (4-7 kg body weight; age 3-5 yr) were fasted for 24 h and 
were lightly anesthetized with ketamine (10 mg/kg, i.m.; Fort Dodge 
Labs, Fort Dodge, IA). A 22-gauge intravenous catheter (Becton 
Dickinson & Co., Sandy, UT) was placed in a saphenous vein for the 
administration of test compounds after which the animals were ad- 
ministered Nembutal (25 mg/kg, i.v.; Abbott Labs, North Chicago, 
IL). A 20-gauge angiocatheter, connected to a TNF-R pressure trans- 



ducer (Ohmeda Medical Device Systems, Madison, WI), was placed 
in a femoral artery for monitoring blood pressure. ECG leads were 
connected for the continuous measurement of heart rate. Heart rate 
and blood pressure were monitored for ~ 30 min until stable baseline 
values were obtained, at which time animals were administered a se- 
ries of rising dose infusions (0.1 ml/min) of agonists (isoproterenol, 
L-755,507), or an equivalent volume of vehicle over a 15-min period. 
Infusion periods were separated by an interval of ~ 20 s. Blood sam- 
ples (2 ml) were collected from the femoral artery 1 min before the 
initiation of infusions and 14 min into each infusion period. Serum 
glycerol was measured using an enzymatic colorimetric assay and se- 
rum potassium was determined using an ion specific electrode. 

Measurement of metabolic rate in vivo. Male lean rhesus mon- 
keys (4-8 kg body weight; age 3-6 yr) were fasted and prepared as de- 
scribed above. An endotracheal tube was inserted into the trachea 
and a 6-mm diameter vacuum line was attached to the outlet of the 
endotracheal tube in order to sample exhaled air. Exhaled air was 
drawn into the mixing chamber of a respiratory analyzer (Oxyscan 
model OXS-1RM 0 2 /C0 2 respiratory gas analyzer; Omnitech Elec- 
tronics Inc., Columbus, OH) at a rate of 1 liter/min. Energy expendi- 
ture was calculated from the volume of 0 2 consumed and the volume 
of CO z generated. L-755,507 was administered after a stabilization 
period of 30-40 min after anesthesia, and metabolic rate was moni- 
tored for an additional 60 min. Heart rate was recorded continuously, 
and blood samples were collected from the femoral artery at the 
times indicated for determination of serum glycerol. 

Results 

In vitro potency and selectivity of p 3 receptor agonist L-755 } 507. 
Benzenesulfonamide derivative L-755,507 is a partial agonist 

Table I. Activity of L-755,507 at the Cloned Human and 
Rhesus $ Adrenergic Receptors 



OH 



HO* 




XXX 



L-755,507 



33 



ECjo 

Species (% act) 



ECjo 
ICso (%act) 



EC*) 
(% act) 



nM 



nM 



nM 



nM 



Human 0.43±0.31 13±7,2 580±300 200+40 > 10000 190:3:110 
(52±16) (25±7) (2) 

Rhesus 2.2±1.0 130±27 > 10000 2300±920 > 10000 1500± 960 
(68±14) (33±20) (0) 

The receptors were expressed in CHO ceils at receptor densities of 46- 
88 fmol/mg (ft receptors) or 300-500 fmol/mg (/?, and fa receptors). Ago- 
nist potency (EQo) and efficacy (% act) were assessed by measurement 
of intracellular cAMP levels, and the latter is expressed relative to the 
maximum response evoked by isoproterenol in each cell type. Binding 
affinities were quantified as inhibition of f^lj-cyanopindolol binding in 
each cell type. Data are meaniSD of & 3 determinations, and are ex- 
pressed as nanomolar values. The sequence for the rhesus 0 3 adrenergic 
receptor that we have cloned and utilized is identical to that recently de- 
posited in Gen Bank (U63591 and U63592). The homology between the 
human and rhesus £ 3 receptors is 99% within the transmembrane span- 
ning regions, and between the human and rhesus pi and (3 2 receptors the 
homology is 100% within this same region. 
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for the human 3 3 receptor, with maximal activation 52% of 
that evoked by isoproterenol. L-755,507 activates the human 
p 3 receptor with an EQo of 0.43 nM and inhibits ligand binding 
to p a and (5 2 receptors with IQo's of 200 and 190 nM (Table I). 
It has weak agonist activity at the human pi receptor, but is 

> 1,000-fold selective for activation of the fJ 3 receptor versus 
activation of the Pj receptor. L-755,507 has no measurable p 2 
agonist activity. In contrast, CGP12177 activates the p 3 recep- 
tor in these cells with an EQ 0 of 5,300 nM and inhibits binding 
to pi and p 2 receptors with IC 50 's of 2.6 and 2.9 nM. Thus, 
under these conditions of receptor expression, L-755,507 is 

> 10,000-fold more potent than CGP12177 as a p 3 agonist. 
Moreover, L-755,507 is > 400-fold selective for the p 3 receptor 
(as reported by activation of the p 3 receptor versus activation 
of or binding to and p 2 receptors), while CGP12177 is a po- 
tent P! and p 2 receptor antagonist. 

L-755,507 is also a potent and selective p 3 partial agonist in 
rhesus monkeys as assessed by its affinity for the cloned p ad- 
renergic receptors from this species (Table I). It activates the 
rhesus monkey p 3 receptor with an EQo of 2.2 nM with maxi- 
mal activation 68% of the maximal activation of isoproterenol. 
It has weak activity at the rhesus monkey pi receptor with 33% 
of the maximal activity of isoproterenol at the highest concen- 
tration tested (10 jxM), and it has no measurable activity at the 
rhesus monkey p 2 receptor. Thus, although the compound is 
fivefold less potent at the rhesus monkey p 3 receptor than at 
the human p 3 receptor, its selectivity for activation of p 3 recep- 
tors versus binding to or activation of p a and p 2 receptors is 

> 400-fold in both species. In addition, L-755,507 stimulates li- 
polysis in rhesus adipocytes in vitro with an EQo = 3.9 nM, 
and a maximal effect 23% of that of isoproterenol (Fig, 1). 

L-755,507 was selected for further evaluation since this 
compound shows broad selectivity for the p 3 receptor versus 
other biogenic amine G protein-coupled receptors. L-755,507 
is at least 300-fold selective for the human p 3 adrenergic recep- 
tor vs the human alpha la, alpha lb, alpha Id, alpha 2a, alpha 
2b, alpha 2c, dopamine D3 and D4 receptors, and is 46- fold se- 
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Figure 1. Stimulation of lipolysis in isolated rhesus adipocytes. Adi- 
pose tissue from subcutaneous depots was obtained from anesthe- 
tized rhesus monkeys by surgical biopsy. Adipocytes were isolated by 
collagenase digestion as described in Methods, and incubated with 
isoproterenol or L-755,507 for 2 h at 37X before determination of 
glycerol levels in the incubation media. 
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Figure 2. The effects of isoproterenol (open symbols) and L-755,507 
(closed symbols), administered by intravenous infusion, on serum 
glycerol (squares) and heart rate (circles) were determined in anes- 
thetized rhesus. Each point represents the mean of determinations in 
two to five animals and the vertical bars the standard error of the 
mean. 



lective for the dopamine D2 receptor (data not shown). As ex- 
pected, the structure activity relationship for affinity at the (3 3 
receptor varies independently of the structure activity relation- 
ship for these other G protein-coupled receptors, and optimi- 
zation of this selectivity is both critical and challenging, but is 
attainable. 

Effects of L-755,507 on lipolysis and heart rate in the rhesus 
monkey, L-755,507 and isoproterenol were administered as 
sequential rising dose infusions over 15 min into catheterized 
and instrumented barbiturate anesthetized monkeys (Fig. 2). 
Although these studies were conducted in male animals, 
preliminary studies indicated that the profile of activity of 
L-755,507 was similar in male and female rhesus. For L-755,507, 
the ED 50 for glycerolemia (dose producing 50% maximal in- 
crease in serum glycerol) was 0,03 mg/kg and the BD 50 for 
tachycardia (dose producing 50% maximal increase in heart 
rate, i.e., ~ 40 bpm) was 2.5 mg/kg. For isoproterenol, the 
ED S0 for glycerolemia was 0.003 mg/kg and the ED 50 for tachy- 
cardia was 0.0002 mg/kg. No changes in mean arterial pressure 
or serum potassium were evident in L-755,507-treated ani- 
mals, but at higher doses of isoproterenol (^ 0.003 mg/kg), hy- 
pokalemia and hypotension were observed (data not shown). 

Effects of L-755,507 on metabolic rate in the rhesus mon- 
key, L-755,507 stimulates metabolic rate by ~ 30% after acute 
bolus intravenous administration of 0.1 mg/kg to rhesus mon- 
keys. The response peaked within 30 min and was sustained 
for at least 60 min, the duration of the monitoring period. Un- 
der these conditions, lipolysis and tachycardia accompanied 
the metabolic rate increase: lipolysis was maximal within 15 
min of agonist administration, whereas the tachycardia, which 
occurred in the absence of changes in mean arterial pressure, 
was slowly developing and peaked (~ 15% increase in heart 
rate) at 40 min after L-755,507 administration (Fig. 3). Note 
that the profile of the tachycardia evoked by L-755,507 is 
markedly different from that elicited by £ 5 agonists such as iso- 
proterenol, as the latter is rapid in onset and is maximal within 
60 s of agonist addition. Evaluation of the dose dependence of 
these responses indicated that significant increases in meta- 
bolic rate and lipolysis were evident at a dose of L-755,507 
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Figure 3. The effects of L-755,507 
(0.1 mg/kg, i.v.) on metabolic rate 
{open circles)* serum glycerol {open 
squares)^ and heart rate (solid cir- 
cles) were determined in the anes- 
thetized rhesus. Metabolic rate and 
heart rate are expressed as the per- 
cent change from baseline values, 
and serum glycerol is expressed as a 
percentage of the response evoked 
by a maximally effective dose of iso- 
proterenol in the same animals. No 
changes in any of the parameters 
were evident after vehicle adminis- 
tration in place of L-755,507. Each 
point represents the mean of deter- 
minations in three to four animals 
and the vertical bars the standard 
error of the mean. 



(=s 0.01 mg/kg) at which no significant tachycardia was evident 
(Fig. 4). 

Chronic exposure of rhesus monkeys to L-755,507. Female 
rhesus monkeys were administered vehicle (25% ethanol, 25% 
polyethylene glycol 400, 50% saline, 1 ml/kg, i.v., twice daily) 
or L-755,507 (3 mg/kg, i.v., twice daily) daily for up to 28 d. 
Samples of axillary brown adipose tissue, so defined because 
of the presence of UCP1, multilocular lipid droplets, and a sig- 
nificant cytoplasm: lipid ratio (vide infra), were obtained be- 
fore and at 2 and 4 wk after initiation of treatment, and the 
morphology of, and UCP1 levels in axillary BAT were deter- 
mined. 

As shown in Fig. 5, UCP1 levels were increased by 62% (P = 
0.04) and 132% (P = 0.05) after 2 and 4 wk of administration 
of L-755,507, respectively. No changes in UCP2 expression 



were noted. Histological examination of samples of BAT ob- 
tained 4 wk after administration of vehicle or L-755,507 re- 
vealed changes at both the light and electron microscopic lev- 
els (Fig. 6). Light micrographs (Fig. 6, A and B) demonstrate 
that, in comparison to vehicle treated control animals, treat- 
ment with L-755,507 results in a decrease in the size of intra- 
cellular lipid droplets coupled with an increase in the number 
of droplets per cell. Moreover, the cytopIasm:lipid ratio is in- 
creased in the tissue from animals treated with the £ 3 agonist. 
A further structural effect of chronic exposure to L-755,507, 
which is evident when specimens are observed by electron mi- 
croscopy (Fig. 6, C and £)), is that there are many more cristae 
within the mitochondria of tissue from L-755,507-treated ani- 
mals. In tissue from |3 3 agonist-treated animals, the cristae are 
usually found as tightly packed arrays of parallel membranes 
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Figure 4. The dose dependence of 
the effects of L-755,507 (0.001-1 mg/ 
kg, i.v.) on metabolic rate (open cir- 
cles), serum glycerol (open squares), 
and heart rate (solid circles) were 
determined in the anesthetized 
rhesus, and the data reported are 
those obtained 30 min after com- 
pound administration. Metabolic 
rate and heart rate are expressed as 
the percent change from baseline 
values, and serum glycerol is ex- 
pressed as a percentage of the re- 
sponse evoked by a maximally effec- 
tive dose of isoproterenol in the 
same animals. No changes in any of 
the parameters were evident after 
vehicle administration in place of 
L-755,507. Each point represents 
the mean of determinations in three 
to four animals and the vertical bars 
the standard error of the mean. 
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Figure 5. Effects of chronic administration of L-755,507 on mito- 
chondrial UCP levels in axillary brown adipose tissue. UCP levels 
were determined by Western analysis of membrane fractions from 
BAT obtained by surgical biopsy before (open bars) and after (closed 
bars) 2 or 4 wk of administration of vehicle or L-755,507 (3 mgflcg, 
i.v., twice daily). Analysis was performed three times for each tissue 
sample, and data for samples on each gel were normalized to one 
posttreatment vehicle sample before averaging the three values for 
each sample. Data shown are the mean±SEM for the normalized 
data for each animal within a treatment group (four vehicle-treated 
animals, three L-755,507-treated animals for 2 or 4 wk). Statistical 
analysis was performed using a 1 -tailed paired t test. 



whereas in tissue from vehicle-treated animals there are fewer 
cristae per mitochondria and they generally fill only a portion 
of the mitochondrial volume. 

Discussion 

Using cloned human receptors for screening, a novel (5 3 adren- 
ergic receptor agonist, L-755,507, was discovered. This com- 
pound is a potent p 3 agonist at both the human and rhesus re- 
ceptors, and is > 1,000-fold selective for activation of the 
receptor versus activation of the § x receptor in both species. 
Selectivity is > 400-fold in both species when quantified with 
respect to activation of the 0 3 receptor and activation of or 
binding to $ x an <* P2 receptors. 

We and others (20-22) have shown that it is only possible 
to detect (3 3 adrenergic receptor mRNA in omental white adi- 
pose tissue (WAT) and in BAT from humans and rhesus mon- 
keys by reverse transcription PCR. However, $ x and (5 2 adren- 
ergic receptor mRNA can be detected by Northern blots. 
Thus, in contrast to rodent adipocytes, the 0 3 adrenergic re- 
ceptor is a minor component of the complement of p adrener- 
gic receptors expressed on primate adipocytes. However, 
CGP12177 stimulates triglyceride breakdown in human ab- 
dominal WAT consistent with its activation of (J 3 receptors 
(15). In addition, we have evaluated the effects of L-755,507 
and 14 other selective (3 3 agonists on lipolysis in human ab- 
dominal WAT and demonstrated that lipolytic activity corre- 
lates well with their affinity for the human p 3 adrenergic recep- 
tor (r 2 - 0.34, slope « 0.38 [P « 0.02]). In contrast, there is no 
correlation between their lipolytic potential and their affinity 
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Figure 6. Structural observation of 
axillary brown adipose tissue col- 
lected from rhesus which had been 
treated for 28 d with L-755,507 (3 
mg/kg, i.v., twice daily) (B and D) or 
vehicle (A and C). Magnification, A 
and B - 900, C and D - 70,000. 
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for the human fa or fa adrenergic receptors (r 2 ~ 0.02 and 
0.08, slope « 0.08 [P - 0.6) and 0.24 [P - 0.3], respectively). 
The stimulation of lipolysis in human WAT by compounds se- 
lective for the human 3 3 receptor suggests that the fa receptor 
is expressed at levels sufficient to be pharmacologically ex- 
ploited to selectively activate adipose tissue. 

L-755,507 is potent and efficacious at the rhesus fa recep- 
tor, and was thus chosen for more detailed studies. Preliminary 
pharmacokinetic analyses in various species indicated that this 
class of compounds was poorly orally bioavailable, with rela- 
tively short terminal half lives. Accordingly, the profile of ac- 
tivity of the compound in rhesus was evaluated after intrave- 
nous administration. When administered as sequential rising 
dose infusions over 15 min into catheterized and instrumented 
barbiturate anesthetized monkeys, L-755,507 and isoprotere- 
nol dose dependently stimulated lipolysis and tachycardia. For 
L-755,507, the dose-response curve for glycerolemia lies sig- 
nificantly to the left of that for tachycardia, whereas the con- 
verse is true for isoproterenol. Although L-755,507 is less po- 
tent than isoproterenol in stimulating lipolysis, the maximum 
extents of glycerolemia evoked by L-755,507 and isoproterenol 
are similar when measured in the same animal, indicating that 
the compound behaves as a full agonist with respect to lipolysis 
in vivo. These data indicate that the profile of activity of 
L-755,507 in vivo in the rhesus monkey differs markedly from 
that of the nonselective 3 agonist isoproterenol. 

L-755,507 stimulates metabolic rate after acute bolus intra- 
venous administration to rhesus monkeys. The maximum in- 
crease in metabolic rate (~ 30% above baseline) was evident 
at 0.1 mg/kg L-755,507, and was accompanied by lipolysis 
and slowly developing tachycardia. However, significant in- 
creases in metabolic rate and lipolysis were evident at a dose 
of L-755,507 0.01 mg/kg) at which no significant tachycar- 
dia was evident. In these jean animals baseline respiratory 
quotient (RQ) is ~ 0.8, indicating predominance of fat over 
carbohydrate as substrates for oxidation in the fasted state. No 
reductions in RQ were evident after L-755,507 administration, 
presumably because of the low RQ before fa agonist adminis- 
tration. In support of this contention, we have shown that 
other fa agonists can reduce RQ in conscious fed animals, 
where baseline RQ is ~ 0.9 (unpublished observations). Acti- 
vation of lipolysis and metabolic rate elevation in nonhuman 
primates by L-755,507 at doses which fail to elicit significant 
tachycardia (a (3, effect) or hypokalemia (a fa effect) suggest 
that human-selective fa receptor agonists will display an im- 
proved side-effect profile, in comparison to rodent-selective fa 
agonists, in humans. 

As noted above, L-755,507 shows only very weak agonist 
activity at the rhesus fa receptor in vitro. This, together 
with the observation that the tachycardia evoked by bolus 
L-755,507 is much slower in onset than that evoked by isopro- 
terenol, suggests that the tachycardia observed in rhesus mon- 
keys after L-755,507 administration may not be a direct effect 
of activation of cardiac fa receptors by the fa agonist. Addi- 
tional studies, to be described elsewhere, using selective hu- 
man fa agonists in anesthetized and conscious rhesus monkeys 
established that the tachycardia evoked by fa agonists is re- 
flexogenic in origin, consequent upon evoked increases in met- 
abolic rate and direct fa receptor-mediated peripheral vasodi- 
latation which occurs in the absence of changes in mean 
arterial pressure. 

To evaluate the sequelae of chronic exposure to L-755,507, 



female rhesus monkeys were administered vehicle or L-755,507 
(3 mg/kg, i.v., twice daily) daily for up to 28 d. Preliminary 
studies in conscious rhesus monkeys established that L-755,507 
does not elicit significant direct fa receptor activation, as re* 
ported by rapidly developing tachycardia, but produces a peak 
increase (~ 20%) in metabolic rate, that is relatively transient 
and returns to the baseline value within 3 h. From the extent 
and duration of the L-755,507-induced increase in metabolic 
rate, as measured acutely over 3 h, we estimate the maximum 
increase in 24-h energy expenditure that could be achieved us- 
ing this dosing regimen of L-755,507 is~ 5%. Accordingly, we 
chose not to attempt to measure 24-h energy expenditure in 
the chronically dosed animals using doubly labeled water, be- 
cause in primates the sensitivity of the technique is sufficient to 
report increases in energy expenditure that are at least 10- 
15%. Consistent with the predicted small increases in 24-h en- 
ergy expenditure, where a 5% increase (i.e., ~ 24 kcal/d) de- 
riving from increased fat metabolism (calorific value = 9.3 
kcat/gram) would yield a weight loss of < 3 grams/d in rhesus 
monkeys, there were no differences in weight loss between ve- 
hicle-treated and L-755,507-treated animals. To place these 
observations in rhesus monkeys in proper perspective, we esti- 
mate that a 10% increase in 24-h energy expenditure in hu- 
mans will yield a clinically meaningful weight loss at the rate of 
~ 1 kg per month. 

A significant increase in UCP1 levels was observed after 2 
and 4 wk of administration of L-755,507. In addition, morpho- 
logic changes in the axillary fat of treated animals were consis- 
tent with BAT activation. Studies using other fa agonists in 
male rhesus indicate that the morphological effects of chronic 
fa agonist administration in the rhesus are not gender specific. 
Consistent with previous reports in rodents (23), chronic expo- 
sure of rhesus monkeys to this selective fa agonist did not alter 
expression of the newly discovered homolog UCP2 in axil- 
lary BAT. 

Given the relative paucity (but not absence) of BAT in pri- 
mates, including humans (24), it is likely that the acute lipolytic 
and metabolic rate effects of p 3 agonists such as L-755,507 are 
mediated predominantly, if not exclusively, via activation of fa 
receptors on white adipocytes. The evoked thermogenesis may 
derive in part from uncoupling of fatty acid p oxidation from 
ATP generation via the intermediation of UCP1, UCP2, and/or 
UCP3 (25) in BAT, or from UCP2 and/or UCP3 in WAT. This 
concept is consistent with the observations in transgenic mice 
where the acute effects of fa agonists on O z consumption are 
more marked in animals which express fa receptors exclusively 
in WAT than in BAT (26). As we have shown that chronic ex- 
posure to fa agonists upregulates BAT in rhesus, the presump- 
tion is that under these conditions BAT would make a greater 
contribution to the increase in metabolic rate, fa agonists also 
cause sustained metabolic effects, including up-regulation of 
nascent BAT and weight loss in other species (e.g., dogs) 
which, like humans and nonhuman primates, have relatively 
sparse BAT in adulthood (5, 24, 27). Moreover, hibernomata 
and pheochromocytoma in humans are associated with BAT 
expansion and up-regulation, respectively, and both are ac- 
companied by marked weight loss (24). It remains to be shown 
whether chronic therapy with fa agonists in humans elicits up- 
regulation of BAT with resulting negative energy balance and 
weight loss. 

Conclusions. L-755,507 is the first fa agonist demonstrated 
to be potent and selective for the receptor in humans and 
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rhesus monkeys, and is the first selective compound to activate 
Hpolysis in adipocytes isolated from these species. Thus, al- 
though the expression levels of £ 3 receptors found in primate 
adipocytes are quite low, and reportedly variable among pri- 
mate species (14, 28), activation of these receptors by selective 
agonists produces the desired pharmacological response in 
rhesus monkeys. In addition, our data demonstrate that phar- 
macological activation of [J 3 receptors in primates acutely stim- 
ulates lipolysis in vivo and increases metabolic rate, suggesting 
that responses to appropriate p 3 agonists in primates mimic the 
responses previously seen in rodents. Finally, in a manner sim- 
ilar to that previously observed in rodents and dogs, chronic 
administration of these compounds activates and differentiates 
rhesus monkey BAT, as evidenced by increased UCP1 expres- 
sion, which process is controlled by receptor activation (29). 
Thus, the data suggest that selective p 3 agonists with high af- 
finity for the human receptor may be useful for increasing en- 
ergy expenditure and inducing weight loss in humans. 
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Effect of a 28-d treatment with L-796568, a novel (^-adrenergic 
receptor agonist, on energy expenditure and body composition in 
obese men 1 " 3 

Thomas M Larsen, S0ren Toubro, Marleen A van Baak, Keith M Gottesdiener, Patrick Larson, Wim HM Saris, andArne Astrup 



ABSTRACT 

Background: Stimulation of energy expenditure (EE) with selec- 
tive thermogenic ^-adrenergic agonists may be a promising 
approach for treating obesity. 

Objective: We analyzed the effects of the highly selective human 
(3 3 -adrenergic agonist L-796568 on 24-h EE, substrate oxidation, 
and body composition in obese, weight-stable men. 
Design: In this 2-center, double-blind, randomized, parallel-group 
study, we measured 24-h EE before and after 28 d of treatment 
with L-796568 (375 mg/d) or placebo during weight maintenance 
(ie, without dietary intervention) in nondiabetic, nonsmoking men 
aged 25-49 y with body mass index (in kg/m 2 ) of 28-35 (n m JO 
subjects per treatment group). 

Results: The mean change in 24-h EE from before to after treat- 
ment did not differ significantly between groups (92 ± 586 and 
86 ± 512 kJ/24 h for the L-796568 and placebo groups, respec- 
tively). The change in 24-h nonprotein respiratory quotient from 
before to after treatment did not differ significantly between 
groups (0.009 ± 0.021 and 0.009 ± 0.029, respectively). No 
changes in glucose tolerance were observed, but triacylglycerol 
concentrations decreased significantly with L-796568 treatment 
compared with placebo (-0.76 ± 0.76 and 0.42 ± 0.31 mmoI/L, 
respectively; P < 0.002). Overall, treatment-related changes in 
body composition were not observed, but higher plasma L-796568 
concentrations in the L-796568 group were associated with greater 
decreases in fat mass (r = -0.69, P < 0.03). 
Conclusions: Treatment with L-796568 for 28 d had no major 
lipolytic or thermogenic effect but it lowered triacylglycerol con- 
centrations. This lack of chronic effect on energy balance is 
likely explained by insufficient recruitment of £ 3 -responsive tis- 
sues in humans, down-regulation of the p 3 -adrenergic receptor- 
mediated effects with chronic dosing, or both. Am J Clin Nutr 
2002;76:780-8. 

KEY WORDS L-796568, 0 r adrenergic receptor, [^-adrenergic 
receptor agonist, 3 3 agonist, selectivity, energy expenditure, 
lipolysis, respiratory quotient, indirect calorimetry, triacylglycerol, 
obesity, obese men 



INTRODUCTION 

Several sympathomimetic agents are currently being used to 
treat human obesity. These agents have potential anorectic and 
thermogenic effects. However, the earlier use of nonselective 
(3-adrenergic compounds was associated with adverse reactions 



such as tachycardia and tremor, which were attributable to 0, 
and p 2 stimulation, respectively. The characterization of the 
3 3 -adrenergic receptor, mainly expressed in white adipose tissue 
(WAT) and brown adipose tissue (BAT) (1,2), evoked hope for a 
new potential target in the pharmacologic treatment of obesity 
and diabetes. 

A marked thermogenic response to selective (5 3 -adrenergic 
receptor agonists was found in rodents (3, 4). When administered 
over a period of weeks, these agonists induce weight loss and have 
antidiabetic effects (3, 5). Furthermore, in addition to their ther- 
mogenic effects, 0 3 agonists may promote fat loss by stimulating 
fatty acid mobilization and, directly or indirectly, fat oxidation. 
Studies of isolated human fat cells show lipolytic activity not 
involving the P, and (3 2 receptors (6, 7), and in vivo studies in 
humans show lipolytic activity of the partial p 3 -adrenergic recep- 
tor agonist CGP12177. This effect was not inhibited by the com- 
bined and p 2 antagonist propranolol (8), and it was suggested 
that the P 3 -adrenergic receptor may be responsible for a substan- 
tial proportion of the lipolytic response to norepinephrine in 
humans (9). 

Among the 0 3 agonists tested in human clinical trials to date, 
only the compound CL 316243 has been recognized as weakly 
potent, but selective, toward the human p 3 -adrenergic receptor 
(10). In an 8-wk study in lean male subjects, this partial 3 3 -adren- 
ergic receptor agonist significantly increased insulin-stimulated 
glucose disposal, fasting plasma fatty acid concentrations, and 
24-h fat oxidation without any side effects mediated by p 5 or p 2 ; 
however, no effects on energy expenditure or body weight were 
observed. 

L-796568, a novel p 3 -adrenergic receptor agonist for the human 
P 3 -adrenergic receptor, shows potency as a selective human p 3 
agonist when tested in cyclic AMP assays on Chinese hamster 
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ovary cells transfected with the human (3 3 -adrenergic receptor, and 
the compound has an EC 50 = 3.6 nmol/L (94% activation com- 
pared with isoprenaline) with > 600-fold selectivity over the 
human 0, and £ 2 receptors (1 1). A related p 3 agonist that has sim- 
ilar potency, L-755507, elicited a dose-dependent rise in meta- 
bolic rate and lipolysis in rhesus monkeys; there was an «*30% 
increase in metabolic rate after intravenous bolus administration. 
Chronic treatment with L-755507 was also accompanied by signi- 
ficant increases in BAT and uncoupling protein 1 expression (12). 
Human studies with L-796568 showed dose-dependent increases 
in plasma glycerol and fatty acid concentrations (K Gottesdiener 
and Merck & Co, unpublished observations, 1999). More impor- 
tantly, in obese subjects who had fasted overnight, an «*8% acute 
thermogenic effect of a single 1000-mg dose of L-796568 was 
found (13). The purpose of the present study was to test whether 
this acute effect was maintained after 28 d of chronic treatment 
with a dosing regimen (375 mg L-796568 once daily with food) 
that was shown in a separate study to achieve plasma concentra- 
tions of L-796568 similar to or higher than those achieved with a 
single 1000-mg dose of L-796568 administered in the fasted state. 



SUBJECTS AND METHODS 
Study design 

This double-blind, randomized, placebo-controlled, parallel- 
group study was performed at 2 centers, Copenhagen and Maas- 
tricht. A total of 20 male subjects were randomly assigned to 
receive either 375 mg L-796568 or placebo, administered 
once daily with breakfast. In each treatment group (placebo or 
L-796568) there were 10 subjects (5 at each study site). 

Energy expenditure (EE) and substrate oxidation rates were 
determined with indirect calorimetry in respiration chambers on 
a fixed physical-activity protocol. L-796568 was administered 
at 0915 in the respiration chamber after a meal. The study con- 
sisted of a baseline 24-h measurement (0915 to 0915) on day 0 
(the day before treatment began) and a second measurement 
obtained with an identical protocol on day 27. At the baseline 
visit, the measurement was continued for 6 h after each subject 
ingested his first dose of study medication to evaluate a possi- 
ble acute effect of the compound. To investigate a possible drug 
effect during particular periods of the day, the 24-h measurement 
period (0915-0915) was divided into the following specific inter- 
vals: sleep EE (0300-0600), basal metabolic rate (0730-0830), 
daytime EE (0915-1315), exercise EE (1430-1445), and postdin- 
ner EE (1915-2215). 

Subjects 

All subjects underwent a full physical examination with an 
electrocardiogram, medical history, and routine hematology, bio- 
chemistry, and urine screening tests. All were found to be in good 
health (except for their obesity), without previous or current 
endocrine, cardiovascular, or hepatic diseases. The subjects 
reported no acute illnesses within the 2 wk immediately preced- 
ing the start of the trial. None of the subjects were dieting or took 
any medication regularly. They were all nonsmokers, aged 25-49 y, 
with a body mass index (BMI; in kg/m 2 ) between 28 and 35 and 
stable weight (±4 kg) for > 3 mo before the study. 

All subjects were carefully instructed to maintain their usual 
dietary habits and body weight throughout the study. During the 
28-d treatment period, the subjects consumed breakfasts with a 



consistent composition each morning (1620 kJ, 30% of energy 
from fat) to improve drug absorption («=*3-fold increase in area 
under the curve when administered with food). They also avoided 
excessive or strenuous physical activity and consumed no more 
than 2 units (24 g) of alcohol and 4 cups of caffeinated bever- 
ages/d. Alcohol intake was prohibited for 48 h before the respira- 
tion chamber sessions. No other medication was allowed, and sub- 
jects were instructed to report any additional medication used 
during this period. The study was approved by the Ethics Com- 
mittee of Frederiksberg and Copenhagen (Copenhagen site) and 
the Medical Ethics Committee of Maastricht University (Maas- 
tricht site). The subjects gave their written, informed consent 
according to the Helsinki Declaration, 

Anthropometry 

Body weight was measured in light clothing on a decimal 
scale on days 0, 7, 14, and 28 (in Copenhagen: Lindeltronic 
8000, Lindells Inc, Kristianstad, Sweden; in Maastricht: Sauter 
model D-7440, Sauter Inc, Ebingen, Germany). Body composi- 
tion was estimated with dual-energy X-ray absorptiometry 
within 7 d before treatment (prestudy) and again within 2 d after 
the last treatment day (poststudy) (both sites: Lunar DPX-IQ; 
General Electric, Madison, WI) and with the bioeleetrical 
impedance method (Copenhagen: Ammeter; HTS-Engineering 
Inc, Odense, Denmark and Maastrict: Hydra ECF/ICF model 
4200; Xitron Technologies, San Diego). Heart rate and blood 
pressure were measured with an automatic device (both sites: 
Omron Automatic HEM-705CP; Omron Electronics GmbH, 
Hamburg, Germany). 

Indirect calorimetry 

EE and substrate oxidation were measured in open-circuit 
respiration chambers. At the Copenhagen site, the floor area 
and volume were 6.5 m 2 and 14.7 m 3 , respectively (14), whereas 
at the Maastricht site, the floor area and volume were 7.0 m 2 
and 14.0 m 3 , respectively (15). The room temperature was 
maintained at 24 °C during the daytime and 18 °C at night. The 
oxygen and carbon dioxide exchange was determined by taking 
measurements of the oxygen fraction (Copenhagen: Magnos 
4G; Hartman and Braun, Frankfurt, Germany and Maastricht: 
Magnos 6G, Hartman and Braun, in combination with OA184A; 
Servomex, Crowborough, United Kingdom) and carbon diox- 
ide fraction (both sites: Uras 3G; Hartman and Braun) at the 
inlet and outlet of the chamber and from the flow of the out- 
going air. 

Urine was collected for a 24-h period on days 0 and 27 and also 
during the 6-h period after the first dose. Urine samples were used 
to estimate protein oxidation by assessing nitrogen excretion. Pro- 
tein oxidation was calculated on the basis of the assumption that 
6.25 g protein is combusted per gram of nitrogen excreted. Sub- 
sequently, nonprotein oxygen and carbon dioxide exchanges were 
calculated on the basis of the assumption that 0.952 L 0 2 is con- 
sumed and 0.795 L C0 2 is produced per gram of protein oxidized. 
Carbohydrate and fat oxidation were then calculated by using the 
constants published by Eli a and Livesey (16). 

Spontaneous physical activity in the respiration chambers was 
assessed with 2 microwave radar instruments (Sisor Mini-Radar; 
Static Input System SA, Lausanne, Switzerland) at the Copen- 
hagen site and with an analogue ultrasound system (Aritech Advi- 
sor DU160; Aritech BV, Roermond, Netherlands) at the Maas- 
tricht site. The spontaneous physical activity scores were used to 
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redefine the sleeping period if spontaneous physical activity 
exceeded 2% during the prescribed period. 

During the subjects' stays in the respiration chamber, the activ- 
ity protocols (ie, fixed meal times and sessions of physical 
activity) were similar at the 2 sites. Two 15-min sessions of bicy- 
cling at a work output of 75 W were included in the protocol at 
1430 and 1630, To ensure adherence to the protocol, the subjects 
were monitored constantly by a laboratory technician during the 
daytime. To accustom the subjects to the respiration chamber envi- 
ronment, they spent the night (Copenhagen) or at least some hours 
(Maastricht) in the chamber before the experiments. 

Diet 

To achieve energy balance (defined as energy intake - EE, 
±0.5 MJ) during the stay in the respiration chamber, the appro- 
priate dietary energy content (kJ/24 h) was individually calcu- 
lated by using the subjects* fat-free mass (FFM) in the following 
equation: 136.1 kJ/kg X FFM in kg + 2154 kJ (17). FFM was 
calculated with an algorithm determined on the basis of imped- 
ance measurements in men (18). The dietary composition was 
similar at the 2 study sites, providing an average of 50% of 
energy from carbohydrates (range: 48.6-53.6%), 35% from fat 
(32.2-35.6%), and 15% from protein (13.4-16.9%). The diet had 
a calculated respiratory quotient (RQ; derived from the dietary 
macronutrient composition) of «*0.881, depending on the actual 
energy intake. Dietary energy content and composition were cal- 
culated by using BECEL dietary assessment software (Unilever, 
Rotterdam, Netherlands) and the Dutch Food Composition 
Table at the Maastricht site. At the Copenhagen site, we used 
DANKOST dietary assessment software, version 2.0 (Danish 
Catering Center Denmark). Both software programs use the 
Atwater factors for metabolizable energy. Any food not con- 
sumed by the subjects was reweighed and subtracted to calcu- 
late actual energy and macronutrient intakes. A maximum of 2 
cups tea or coffee was allowed during the respiratory chamber 
measurements, and intake during the baseline measurement was 
replicated during the second measurement. 

Blood and urine sample collection 

While the subjects were in a fasted state and resting, blood sam- 
ples were obtained from a forearm vein; this was done before sub- 
jects entered the chamber on day 0 and after they left the chamber 
on day 28. The blood was analyzed for norepinephrine, epineph- 
rine, fatty acids, triacylglycerol, glycerol, lactate, ketones 
(fj-hydroxybutyrate), total cholesterol, HDL cholesterol, LDL cho- 
lesterol, VLDL cholesterol, and leptin. In addition, fasting triacyl- 
glycerol, fatty acids, glycerol, and total cholesterol were measured on 
day 14. We also obtained blood samples to be analyzed for L-796568 
concentration on day 0 and before the dose of L-796568 on days 21 , . 
25, and 28; subjects were fasting when the blood was drawn. 

A 24-h urine sample was collected for measurement of nitro- 
gen and catecholamines from 0900 on day 0 to 0900 on day 1 and 
again from 0900 on day 27 to 0900 on day 28. In addition, urine 
was collected on day 1 from 0900 to 1500. 

Blood and urine analyses 

For the analyses of plasma glycerol and fatty acid concentra- 
tions, 2 mL blood was drawn into a tube containing EDTA, kept 
on ice, and centrifuged within 1 h at 1200 X g for 15 min at 4°C; 
the plasma was stored at —70 °C until analyzed. The analysis was 
done with an automated spectrophoto metric procedure (19). For 



the analyses of serum leptin, 4 mL blood was drawn into a tube, 
kept on ice, and centrifuged within 1 h at 1200 X g for 15 min at 
20 °C. The serum was stored at -70°C until analyzed with the 
DSL-23100 leptin immunoradiometric assay kit (Diagnostic Sys- 
tems Laboratories, Webster, TX), 

For the analyses of plasma catecholamines, 6 mL blood was 
drawn and immediately transferred into a fresh solution of 
reduced glutathione; this was centrifuged at 806 X g for 10 min 
at 4°C. The plasma was immediately frozen in liquid nitrogen 
and stored at -70°C until analyzed by using HPLC with elec- 
trochemical detection (20). For the analyses of plasma L-796568, 
5 mL blood was drawn into a tube containing heparin, placed 
on ice, and centrifuged at 1670 X g for 15 min at 4°C. The 
plasma was stored at -20 °C until analyzed by using solid-liq- 
uid extraction, electrospray liquid chromatography-tandem 
mass spectrophotometry (LC-MS/MS) method (Merck & Co, 
West Point, PA). 

For the analyses of serum or plasma lipids, 4 mL blood was drawn 
into a tube, centrifuged at 2000 X g for 10 min at 4°C, and kept at 
- 18 °C until analyzed. At the Copenhagen site, we measured serum 
triacylglycerols with an enzymatic method (21) and serum HDL 
cholesterol with an enzymatic method (22); serum LDL cholesterol 
was calculated (23). At the Maastricht site, serum triacylglycerols 
and serum total cholesterol were measured with an enzymatic 
method (24), plasma HDL cholesterol was measured with an enzy- 
matic method (25), and plasma LDL cholesterol was calculated (23). 

For the analyses of 0-hydroxybutyrate and lactate, at the 
Copenhagen site 5 mL blood was drawn into a tube containing 
EDTA and mixed, 4 mL ice-cold perchloric acid was added, and 
the solution was kept at -18°C until analyzed, 3-hydroxybutyrate 
concentration was analyzed with acolorimetric method (Boehringer 
Mannheim, Mannheim, Germany), and blood lactate was meas- 
ured with enzymatic determination (26). At the Maastricht site, 
serum 0-hydroxybutyrate was analyzed with an enzymatic method 
(27) automated on a Cobas Fara centrifugal analyzer (Roche, 
Basel, Switzerland). Plasma lactate was analyzed via enzymatic 
determination (YSI model 2300 glucose and lactate analyzer; Yel- 
low Springs Instruments Inc, Yellow Springs, OH). 

Subjects underwent a 120-min oral-glucose-tolerance test 
(OGTT) with 75 g glucose on 2 occasions: within the 7 d before the 
study and on day 28 (the end of the study). Both OGTTs were per- 
formed in the fasting state, but on day 28 the glucose was consumed 
with 375 mg L-796568. For the analyses of glucose and insulin con- 
centrations, at the Copenhagen site 4 mL blood was drawn into a gel 
tube, allowed to coagulate, and centrifuged at 2000 X g for 10 min 
at 4°C The serum was kept at 18°C until analyzed. Serum insulin 
was measured with a radioimmunoassay kit from Pharmacia AS, 
Copenhagen and serum glucose was measured with enzymatic glu- 
cose oxidase (21). At the Maastricht site, serum insulin was analyzed 
with an Autodelfla fluoroimmunoassay kit from Perkin-Elmer Wal- 
lac Inc, Oy, Finland, and plasma glucose was measured with an 
enzymatic method (28). For the analyses of plasma glucagon, at the 
Copenhagen site 5 mL blood was drawn into a tube containing 
EDTA, stored at 4°C for < 30 min, and centrifuged at 2000 X g 
for 10 min at4°C. The plasma layer was transferred into a glass tube 
holding 1.500 kallikrein-inactivating units (KIE) of Trasylol (Bayer 
Pharma, Lyngby, Denmark). The sample was stored at 25 °C until 
analyzed with a radioimmunoassay kit from Diagnostic Products 
Corp, Los Angeles. At the Maastricht site, serum glucagon was ana- 
lyzed with a radioimmunoassay kit (glucagon double antibody; DPC 
Biermann GmbH, Bad Nauheim, Germany). 
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TABLE 1 

Anthropometric and cardiovascular measures at baseline and energy 
expenditure (EE) and nonprotein respiratory quotient (RQ np ) during the 
baseline stay in the respiration chamber 7 





Placebo group 


L-796568 group 




{n~ 10) 


(n= 10) 


Age (y) 


35 ± 8 


37 ±6 


Height (cm) 


184 ±8 


181+5 


Body weight (kg) 


102.7 ± 12.7 


103.5 ±7.9 


BMI (kg/m 2 ) 


30.3 ±2.2 


31.5 ±2.1 


Fat-free mass (kg) 2 


74.9 ±10.7 


70.9 ± 4.6 


Fat mass (kg) 2 


28.7 ± 5.2 


31.7 ±5.0 


Systolic BP (mm Hg) 


128 ±7 


126 ±6 


Diastolic BP (mm Hg) 


76±9 


81 ±7 


Heart rate (beats/mi n) 


63 ±6 


63±11 


24-h EE (kJ/min) 


8. 13 ±0.93 


8.10 ±0.45 


24-h RQ rtp 


0.846 ±0.021 


0.858 ± 0.020 


Sleeping EE (kJ/min) 


6.03 ± 0.93 


5.92 ±0.33 


Basal metabolic rate (kJ/min) 


7.48 ±1.14 


7.05 ±0.73 


Daytime RQ np 


0.806 ±0.028 


0.838 ±0.035* 



l x ± SD. BP, blood pressure. 

2 Determined within the 7 d before the baseline stay in the respiration 
chamber. 



3 Significantly different from the placebo group, P - 0.04. 



For the analyses of urinary nitrogen, urine was collected in 
bottles containing 10 mL sulfuric acid (2 moI/L); 8 mL was 
transferred into scintillation vials and stored at — 20 °C before 
analysis via oxidative decomposition with heat conductance 
detection (Heraeus CHN-O-RAPID; Heraeus GmbH, Hanau, 
Germany). For the analyses of urinary norepinephrine and 
epinephrine, 3 mL acidified urine was stored at ~70°C before 
analysis via HPLC with electrochemical detection (20). 

Appetite profiles 

Subjects were asked to complete appetite questionnaires dur- 
ing both stays in the respiration chamber (29). The questionnaires 
include questions related to hunger and satiety, both of which were 
rated on a 100-mm visual analogue scale. Subjects recorded their 
responses before lunch (while fasting), every hour for the 3 h after 
lunch, before dinner, and every hour for the 3 h after dinner (a total 
. of 8 times). 

Statistical analyses 

The effect of treatment with L-796568 on 24-h EE was the pri- 
mary endpoint of this study. Within each treatment group, changes 
over time relative to baseline were tested by using a paired t test. 
Mean (±SD) changes over time (eg, from day 0 to day 27) were cal- 
culated and group differences were tested by using a two-sample 
unpaired t test. If the group differences were significant or nearly 
significant (P < 0. 1 0) at baseline, group differences from day 0 to day 
27 were recalculated with a general linear model univariate analysis 
with baseline values added as cofactors. Changes in OGTT response 
were tested with a general linear model on the basis of a repeated- 
measures analysis of variance model, and significant group-by-time 
interaction effects were subsequently analyzed with an unpaired t test. 
Correlations were determined by using simple correlation analysis. 
Because body weight and FFM were stable throughout the treatment 
periods, these factors were not included in the analyses. Analyses 
were performed with SPSS 10.0 for Windows (SPSS Inc, Chicago). 
P < 0.05 was regarded as statistically significant. 



TABLE 2 

Blood and urine variables at baseline 7 





. 

Placebo group 

\t\ - IV) 


L-796568 group 


Blood 






Glucose (mmol/L) 


5.35 ±0.67 


5.46 ±0.52 


Insulin (pmol/L) 


64±28 


87 ±56 


Glucagon (pmol/L) 


19 ±5 


26 ± 13 


Fatty acids (u,mol/L) 


324 ±93 


415 ±122* 


Glycerol (u*mol/L) 


45 ± 12 


58 + 21 


Triacylglycerols (mmol/L) 


1.23 ±0.64 


2.03 + 0.89 J 


Lactate (p.mol/L) 


720 ±210 


913 ± 180* 


Ketones (p,mol/L) 


87.7 ± 79.5 


115.7 ±73.6 


Leptin (ng/mL) 


li±5 


14± 10 


Norepinephrine (nmol/L) 


2.45 ±1.40 


2.00 + 0.82 


Epinephrine (pmol/L) 


156 ±80 


147 + 84 


Total cholesterol (mmol/L) 


4.9 ±0.8 


5.7 ± 1.2 2 


HDL cholesterol (mmol/L) 


1.1 ± 0.3 


1.0 ±0,2 


LDL cholesterol (mmol/L) 


3.2 ± 0.8 


3.6 ±1.0 


Urine 






Norepinephrine (pig/24 h) 


47.4 + 13.3 


56.5 ± 39.2 


Epinephrine (ng/24 h) 


6.77 ± 2.44 


6.94 ±3.25 



'x ± SD. 

2 Tendency toward group difference, P < 0.10. 

3 Significantly different from placebo group, P < 0.05. 



RESULTS 

All subjects completed the study in accordance with our proto- 
col. The 2 groups were well matched with regard to anthropo- 
metric and indirect calorimetry measures at baseline (Table 1). 
There were no significant differences at baseline between the 
groups in biochemical variables, except for triacyl glycerol and 
lactate, which were significantly higher (P < 0.05) in subjects 
allocated to the L-796568 treatment. There was also a tendency 
(P < 0.10) for higher total cholesterol and fatty acid concentra- 
tions in the L-796568 group (Table 2). 

In both groups, there were no significant changes in body weight, 
body composition, heart rate, or blood pressure from day 0 to day 28. 
The magnitude of the changes in these variables from day 0 to day 
28 did not differ significantly between groups (Table 3). 



TABLE 3 

Changes from day 0 (baseline) to day 28 (day 28 value minus day 0 value) 
for body weight, body composition, and cardiovascular measures 7 



Placebo group L-796568 group 
{n m 10) (jt = 10) 



Body weight (kg) 


-0.2 ±1.2 


-0.5 ± 1.6 


Fat-free mass (kg) 2 
Fat mass (kg) 2 


~1.7±2.8 


0.4 ± 2.0 


1.0 ±2.6 


0.2 ± 1.5 


Fat mass: fat-free mass 2 


0.02 + 0.05 


~O.0O±0.03 


Systolic BP (mm Hg) 


5±8 


3± 11 


Diastolic BP (mm Hg) 


3±5 


-2 ±6 


Heart rate (beats/mi n) 


2±5 


-3 ±13 



l x ± SD. BP, blood pressure. There were no significant differences 
between the 2 groups in the magnitude of the change from day 0 to day 28. 

2 Determined within the 7 d before the baseline stay in the respiration 
chamber. 
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L-796568 Placebo L-796568 Placebo 




FIGURE 1. Acute effect (A): change in daytime nonprotein respiratory quotient (RQ np ) between day 0 (baseline) and day 1 (measured from 0 
to 4 h postdose). There was a significant between-group difference without correction for baseline values (P < 0.02); however, when baseline data 
were included as a cofactor the difference was not significant (P = 0.21). Chronic effect (B): change in 24~h RQ np between day 0 and day 27 
(P s= 0.09). n as 10 per group. 



When we compared day 0 with day 1 to test for an acute 
effect, we observed no between-group differences in daytime 
EE (0.37 ± 0.47 and 0.41 ± 0.58 U/min for the placebo and 
L-796568 groups, respectively), but there was a significantly 
smaller increase (P < 0.02) in daytime nonprotein respiratory 
quotient (RQ np ) in the L-796568 group (0.025 ± 0.041) than in 
the placebo group (0.064 ± 0.021) (Figure 1). However, the dif- 
ference was not significant (P -0.21) when the higher baseline 
RQ flp values for the L-796568 group were included as a cofac- 
tor in the analysis. The same tendency was observed for RQ np 
during exercise, although the difference was not significant 
(0.000 ± 0.040 and -0.039 ± 0.055 for the placebo and L-796568 
groups, respectively). 

For all the time intervals (ie, 24 h, sleep, daytime, postdinner, 
during exercise, and basal metabolic rate), changes in EE and 
RQ np from day 0 to day 27 were not significantly different 
between the 2 groups (with or without adjustment for changes in 
FFM and energy balance), except for a significantly smaller 



increase in daytime RQ np in the L-796568 group (unadjusted for 
energy balance; 0.044 ± 0.031 and 0.001 ± 0.040 in the placebo 
and L-796568 groups, respectively; P < 0:02) (Table 4). However, 
this significant difference in daytime RQ np for the chronic 
response was no longer significant (P = 0.15) when the higher 
baseline RQ np values for the L-796568 group were included as a 
cofactor in the analysis. 

Compliance was assured by observation of daily dosing and by 
measurement of the mean predose plasma L-796568 concentra- 
tions on days 21 , 25, and 28 (3-d mean ± SD = 77.2 ± 30,3 nmoI/L); 
these values were as predicted on the basis of previous studies. 
Even though there was no overall difference between groups in 
the body composition variables, there was a significant inverse 
correlation between the change in fat mass (poststudy minus 
prestudy) and the average predose plasma L-796568 concentra- 
tion in the L-796568 group (r « -0.69, P < 0.03), ie, higher 
L-796568 concentrations were associated with greater decreases 
in fat mass (Figure 2). The decreases in fat mass were small, 



TABLE 4 

Changes from day 0 (baseline) to day 27 (day 27 value minus day 0 value) 
for energy expenditure (EE) and nonprotein respiratory quotient (RQ np ) / 





Placebo group 


L-796568 group 




(«=10) 


(n^lO) 


24-h EE (kJ/min) 


0.06 ±0.36 


0.06 ±0.41 


Sleeping EE (kJ/min) 


0.01 ± 0.44 


0.15 ±0.32 


Basal metabolic rate (kJ/min) 


-0.14 ±0.60 


0.14 ±0.62 


Daytime EE (kJ/min) 


0.17 ±0.40 


0,03 ± 0.44 


Postdinner EE (kJ/min) 


0.10 + 0,48 


0.16 ±0.86 


Exercise EE (kJ/min) 2 


-3.49 ±5.64 


-0.52 ± 1.60 


24-h RQ np 


0.029 ±0.021 


0.009 ± 0.029 


Sleeping RQ np 


0.046 ±0.041 


0.041 ± 0.037 


Basal RQ np 


0.067 + 0.039 


0.044 ±0.050 


Daytime RQ np J 


0.044 ±0.031 


0.001 ± 0.040 


Postdinner RQ np 


0.025 ±0.031 


0.029 ±0.063 


Exercise RQ np 


-0.027 ±0.077 


-0.045 ±0.056 



{ x±SD. 



2 Exercise value was measured during a 15-min session of cycling 
(1430-1445). 

3 Without the cofactor, P < 0.02 for the difference between the 2 groups 
in the magnitude of change from day 0 to day 27. With the baseline value 
as a cofactor, P = 0.15. 




30.00 50.00 70.00 90.00 



Plasma L-796568 (ng/mL) 

FIGURE 2. Correlation between mean predose plasma L-796568 con- 
centration on days 2 1 , 25, and 28 and change in fat mass from pretreat- 
ment to posttreatment (r = -0.69, P < 0.03); n = 10. Each x represents the 
mean L-796568 concentration for 1 subject on the 3 measurement days. 



EFFECTS OF A NOVEL [^-ADRENERGIC RECEPTOR AGONIST 



785 




30.00 50.00 70.00 90.00 

Plasma L-796568 (ng/mL) 

FIGURE 3. Correlation between mean predose plasma L-796568 con- 
centration on days 21, 25, and 28 and change in fat-free mass from pre- 
treatment to posttreatment (r - 0.21, P ~ 0.56); n = 10. Each x represents 
the mean L-796568 concentration for 1 subject on the 3 measurement days. 

however. No significant correlations were found between 
plasma L-796568 concentration and changes in FFM (Figure 3) 
or other endpoints, including changes in 24-h EE {r = -0.08, 
P m 0.98), 24-h RQ np (r = 0.56, P = 0.09), and the ratio of fat mass 
to FFM (r^ -0.52»P = 0.13). 



The results of the OGTTs showed no significant differences 
between the treatment groups in the changes in the incremen- 
tal areas under the curve for plasma glucose, insulin, or 
glucagon responses. However, a time X day X group interac- 
tion effect was found (P < 0.02) for the glucose response, and 
subsequent unpaired * test analysis at each time point showed 
a significantly higher glucose concentration at the 120-min 
time point in the L-796568 group than in the placebo group on 
day 28 (P < 0.03) (Figure 4). 

On day 14, fasting triacylglyceroi, total cholesterol, and fatty 
acid concentrations were significantly decreased in the L-796568 
group compared with the placebo group, but only the decrease 
in total cholesterol was significant when baseline values were 
included as a covariate (P < 0.005) (data not shown). There 
were no significant differences in the changes in glycerol 
between the groups. 

For triacylglyceroi and total cholesterol, there were signifi- 
cant decreases in the L-796568 group compared with the 
placebo group from baseline (day 0) to day 28 (Table 5). When 
the higher baseline values of the L-796568 group were taken 
into account, only the change in triacylglyceroi remained signi- 
ficantly different between the groups (-0.76 ± 0.76 and 
0.42 ± 0.3! mmol/L for the L-796568 and placebo groups, 
respectively; P < 0.002). 

We found no significant differences between groups for 
blood concentrations of LDL cholesterol, HDL cholesterol, 
ketones, lactate, leptin, norepinephrine, or epinephrine, or for 
urinary nitrogen or catecholamine excretion. The 2 groups did 
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Serum glucose during OGTT 
Placebo group 




60 

Time (min) 



Serum Insulin during OGTT 
Placebo group 



Serum glucose during OGTT 
L796508 group 




60 

Time (min) 

Serum insulin during OGTT 
L796568 group 



120 




60 

Time (min) 



120 



Time (min) 



FIGURE 4. Glucose and insulin responses during oral -glucose-tolerance tests (OGTTs) performed pretreatment (□) and on day 28 (♦); n = 10 per 
group. No significant changes were found in the incremental area under the curve, but there was a significant time X day X group interaction effect 
(P < 0.02; general linear model for repeated-measures ANOVA) for glucose, with higher serum glucose at 120 min in the L-796568 group than in the 
placebo group on day 28 {P < 0.03). 



786 LARS EN ET AC- 

TABLE 5 

Changes in blood lipids from day 0 (baseline) to days 14 and 28 



~ 


Placebo otoud (n ~ \Cfi 


L-796568 ffroun (n — 1 Cf\ 




_ 

With cofactor 


Fatty acids (p,mol/L) 










Day 14 - day 0 


14±31 2 


-u±u 


<0.03 


0.07 


Day 28 - day 0 


~17± 128 


-8±215 


0.91 




Glycerol (|xmol/L) 










Day 14 - day 0 


21 ±50 


5 ± 19 


0.34 




Day 28 - day 0 


-4± 15 


-6 ±19 


0.81 




Triacylglycerols (mmoI/L) 










Day 14 - day 0 


0.19 ±0,55 


-0.84 ±0.88 


<0.01 


0.13 


Day 28 - day 0 


0.42 ±0.31 


-0.76 ±0.76 


<0.001 


<0.002 


Total cholesterol (mmol/L) 










Day 14 - day 0 


0.2 ±0.5 


-0.8 ± 0.6 


<0.002 


<0.005 


Day 28 - day 0 


0.1 ±0.7 


-0.7 ±0.6 


<0.02 


0.07 



l P values are for differences between groups (unpaired * test); the cofactor was the baseline value. 
2 x ± SD. 



not differ significantly with regard to hunger or satiety ratings 
at lunch or dinner. 

Nine subjects in the L-796568 group and 2 in the placebo group 
reported gastrointestinal side effects, primarily diarrhea, during the 
treatment period. No subjects reported tremor (data not shown). 



DISCUSSION 

Previous pharmacologic studies have used a variety of 
approaches to try to elucidate the thermogenic potential of £ 3 
receptors in humans, but these studies have reported conflicting 
results. One approach has been to study EE with nonspecific 3 
agonists in the presence of p, and (3 2 antagonists to isolate any 
effects caused by p 3 agonist stimulation. In one study, 43% of the 
thermogenic effect of ephedrine (which potentiates the synaptic 
release of noradrenaline) remained after pretreatment with the pj 
and 0 2 antagonist nadolol (30). Other studies showed that isopre- 
naline and BRL35135 (nonspecific 0 3 agonists) have thermogenic 
effects that are not completely abolished by nadolol (31, 32). 
However, these findings were not confirmed in other studies that 
used a similar approach (33, 34). A second approach has been to 
investigate the effect of putative 3 3 agonists. Of all the previous 
studies on this topic, the one that seems the most informative eval- 
uated the effect of the J3 3 agonist CL316 243, at a dose of 1500 
mg/d, on EE and RQ (10). CL316 243 is a partial but selective 
human 0 3 agonist (60% activity compared with isoprenaline; 
> 1500-fold selectivity over 0, and 0 2 ) (35), but is «*1000-fold 
less potent (EC 50 = 3700 nmol/L) than is L-796568 (K Gottesdi- 
ener and Merck & Co, unpublished observations, 1999). Plasma 
concentrations in the study were low compared with its EC S0 
value, and CL316243 failed to increase EE after 8 wk of chronic 
administration. 

In the present study of obese subjects, 375 mg of the human 
0 3 -adrenergic receptor agonist L-796568, taken once daily, had 
no effect on 24-h EE or on EE during any other time interval, nei- 
ther acutely nor after 28 d of administration. These results were 
surprising, because an acute 8% increase in EE was observed after 
administration of a single 1000-mg dose of L-796568 to obese 
subjects who had fasted overnight (13). The lack of acute effect 
on EE on the first treatment day in this study was less surprising, 
because the present study had a different design in which subjects 



were not resting and were served a large breakfast during the 
measurements; these factors are both likely to increase variability. 

One explanation for the lack of chronic effect of L-796568 on 
EE could be that the plasma concentrations were too low. Overall, 
we think this is unlikely for the following reasons: 1) L-796568 is 
a very potent (EC S0 ^3.6 nmol/L) and full agonist of the human 
^-adrenergic receptor and average plasma concentrations were 
~77 nmol/L, or > 20-fold higher than EC 50 values, throughout the 
day; 2) lower plasma concentrations were associated with signifi- 
cant increases in EE in the rhesus monkey (K Gottesdiener and 
Merck & Co, unpublished observations, 1999); and 5) in a separate 
study, this dosing regimen (375 mg with food) resulted in peak 
plasma concentrations of **175 nmol/L, which is well above the 
peak plasma concentrations (^lOO nmol/L) achieved in the acute 
study that led to an 8% increase in EE (13). 

An alternative explanation for the lack of chronic effect on EE 
might be that the agonist- induced BAT proliferative capability of 
0 3 receptor-responsive tissues in humans was too low during 
chronic stimulation. BAT, the primary tissue that responds to 0 3 
stimulation in rodents and possibly in rhesus monkeys, is only 
present in very limited amounts in adult humans and has ques- 
tionable functional capacity. Thus, an acute (^-stimulated 
increase in EE in humans is less likely to be dependent on BAT 
and might be mediated directly by WAT and perhaps indirectly 
by the liver and muscles. This is consistent with studies in trans- 
genic mice that showed that the major part of acute j3 3 -agonist- 
induced thermogenesis and lipolysis is mediated by WAT and not 
by BAT (36). Compared with 0, and 0 2 receptors, 0 3 receptors 
have quite low expression in human WAT (37), yet seem capable 
of producing an acute increase in EE. In addition, BAT might be 
up-regulated after chronic 0 3 receptor stimulation. One study 
showed that 28 d of treatment with the 0 3 adrenergic receptor 
agonist L-755507 was sufficient to induce significant BAT pro- 
liferation and uncoupling protein 1 up-regulation in rhesus mon- 
keys (12). If humans are similar to rhesus monkeys in this 
respect, this 28-d study might have led to BAT proliferation, 
uncoupling protein 1 up-regulation, and increases in EE that 
exceeded the acute effects. 

Another likely explanation for the lack of chronic effect on EE 
is down-regulation of 0 3 receptors, even though previous in vivo 
studies in rodents showed no signs of 0 3 -adrenergic receptor 
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agonist-induced down-regulation (38, 39). If down-regulation is 
the cause of the lack of chronic p 3 -adrenergic receptor-mediated 
thermogenesis, this suggests that a different £ r adrenergic recep- 
tor-desensitizing mechanism occurs in humans. However, we also 
cannot rule out the possibility that some type of negative feedback 
occurs, possibly via inhibition of Upolysis with indirect effects on 
EE. Studies in humans showed increased thermogenesis during 
intravenous infusions of lipid plus heparin (ie, increased fatty 
acids) (40), suggesting that mobilization of fatty acids may be the 
major determinant of (J 3 -agonist-induced thermogenesis, How- 
ever, an attenuated response of p 3 agonist-mediated increases in 
plasma fatty acid concentrations was observed after 9 d of treat- 
ment with 375 mg L-796568 in healthy volunteers; the acute 
increases measured on the first treatment day were completely 
absent after 9 d of treatment (K Gottesdiener and Merck & Co, 
unpublished observations, 1999), 

Interestingly, however, we did not find any (3 3 agonist-induced 
changes in catecholamine concentrations or excretion, suggesting 
that there was no major influence on lipolysis via changes in 
endogenous catecholamine metabolism. The lack of effect of the 
agonist under conditions when food intake is not altered does not 
exclude the possibility that the drug may show thermogenic effi- 
cacy in preventing the fall in EE under conditions of hypocaloric 
dieting, ie, when sympathetic activity is low and there is a ten- 
dency for adrenergic receptors to be up-regulated. 

In the present weight-maintenance study, FFM and fat mass did 
not differ significantly between groups. However, the observed 
changes in body fat mass in the L-796568 group were inversely 
correlated with plasma L-796568 concentrations measured at the 
end of the study period, suggesting sustained increased fat oxida- 
tion. After 28 d of treatment, there was no sustained increase in 
the mobilization of fatty acids, as assessed by measuring fasting 
concentrations of fatty acids and glycerol. 

When baseline RQ np values were included as a cofactor in the 
analysis, there was no significant effect of L-796568 on substrate 
partitioning represented by RQ or nonprotein RQ, but regarding 
acute induced thermogenesis, any acute effect on daytime RQ np 
may be masked by interference induced by diet and physical activ- 
ity. However, among all the measuring periods, daytime RQ np 
shows the largest decrease and thus indicates an acute stimulatory 
effect of a drug on fat oxidation, which may be dependent on fatty 
acid mobilization. On the contrary, we did not find a significant 
chronic effect on substrate partitioning, as indicated by the lack 
of effect on 24-h RQ np (Figure 1). 

Treatment with L-796568 reduced plasma triacylglycerol and 
total cholesterol concentrations to a greater extent than did 
placebo after 14 d. In L-796568 studies conducted in dogs and 
monkeys, decreased triacylglycerol concentrations were also 
found (K Gottesdiener and Merck & Co, unpublished observa- 
tions, 1999), and chronically decreased triacylglycerol concentra- 
tions were observed previously in selective 3 3 agonist studies in 
obese mice (41), £ 3 agonists were shown to improve glucose tol- 
erance in humans (10, 42), but in this study, we found no signifi- 
cant effect of L-796568 on glucose tolerance. The plasma glucose 
profile over time in the L-796568 group shows lower and more 
sustained concentrations, which may have been caused by 
decreased gastric emptying resulting from the known effects of p 3 
agents on gastric motility (43-45). 

There was no evidence in this study that L-796568 had effects 
on £j and £ 2 receptors, as indicated by the absence of tachycardia, 
tremor, and increased blood pressure and the lack of effects on 
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plasma potassium. Significantly more subjects in the L-796568 
group had gastrointestinal side effects such as diarrhea, an effect 
which was previously found in dogs (K Gottesdiener and Merck 
& Co, unpublished observations, 1999) but not in human studies 
of CL316243 (C Weyer, personal communication, 2001). In ani- 
mal models, p 3 agonists had anorectic effects, but L-796568 did 
not seem to have any effect on appetite parameters assessed dur- 
ing the subjects' stays in the respiration chamber. 

In conclusion, no chronic thermogenic effect of L-796568 was 
found in obese, nondiabetic young men. There was also no evi- 
dence of stimulation of fat oxidation by L-796568, although 
changes in fat mass correlated negatively with drug concentra- 
tions, suggesting some potential activity at the 0 3 receptor. In 
addition, triacylglycerol concentrations decreased substantially in 
the L-796568 group. In contrast with most studies of nonspecific 
0 3 agonists, there was no evidence of pj or p 2 stimulation to con- 
found these results. The lack of chronic effects most likely 
resulted from down-regulation of p 3 effects (indirectly or directly 
via down-regulation of receptors) or a lack of recruitment of BAT 
in humans, or both, H 
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Acute effect of L- 796568, a novel 
Pg-adrenergic receptor agonist, on 
energy expenditure in obese men 



Objective; Our objective was tojnyesi^gate the thermogenic efficacy of single oral doses of the novel P 3 - 
adrenergic receptor agonist C^j^^^ 

phenyl]«4-[4-[4-(trifluorometh^ dihydrochloride] in humans. 

Methods: Twelve healthy overweight to obese men participated in this 2-center, 3 -period, randomized, 
placebo-controlled, crossover trial. In each period subjects received 250 mg L-796568, 1000 mg L-796568, 
or placebo. Energy expenditure and respiratory quotient were determined by indirect calorimetry; blood 
samples were taken; and ear temperature, heart rate, and blood pressure were measured at baseline and 
during the 4-hour period after administration. 

Results; Energy expenditure increased significantly after the 1000-mg dose (about 8%) and this was accom- 
panied by an increase in plasma glycerol and free fatty acid concentrations. Systolic blood pressure also 
increased significantly. No changes in heart rate, diastolic blood pressure, ear temperature, plasma cate- 
cholamine, potassium, or leptin were found. 

Conclusions: Single-dose admhiistration of 1000 mg of the novel (^-adrenergic receptor agonist L-796568 
increased Upolysis and energy expenditure in overweight men. This is the first study to show such an effect 
of (3 3 -adrenergic receptor agonists in humans without significant evidence for p 2 -adrcnergic receptor 
involvement. (Clin Pharmacol Ther 2002;71:272-9.) 
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MD, PhD, Keith M. Gottesdiener, MD, Marina DeSmet, PharmD, PhD, and Wim H. 
M. Saris, MD, PhD Maastricht, The Netherlands, Copenhagen, Denmark, and Rcthway, NJ 



The prevalence of obesity is increasing in many 
countries all over the world. 1 The health risks associ- 
ated with obesity, such as type 2 diabetes, hypertension, 
coronary artery disease, gallbladder disease, and arthri- 
tis, form a serious public health problem for the years 
to come if no effective strategies to prevent and treat it 
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are developed. 1 Comprehensive weight management 
programs, including a reduction of energy intake 
through an energy-restricted diet and an increase in 
energy expenditure through increased levels of physi- 
cal activity in combination with a behavior modifica- 
tion program, have been developed. In many cases such 
programs lead to considerable short-term weight loss. 
However, long-term maintenance of the reduced weight 
often fails to occur. Current pharmacologic approaches 
to the treatment of obesity focus on reinforcement of 
these programs and they have been shown to improve 
long-term weight maintenance success. 2 ' 3 The pharma- 
cologic agents currently available for the management 
of obesity (orlistat and sibutramine) are effective 
through decreased nutrient absorption and appetite sup- 
pression, respectively. The approach of increased 
.energy expenditure has been less well explored. 

The peripheral sympathetic nervous system plays an 
important role in the regulation of energy expenditure. 4 
Stimulation of sympathetic activity results in an 
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increase of resting energy expenditure in humans, 
which is mediated by P-adrenergic receptors, 5 Both p r 
and (3 2 - adrenergic receptors lead to thermogenesis on 
stimulation. 6 ' 7 Obesity appears to be associated with a 
blunted response to sympathetic stimulation that is 
probably caused mainly by p 2 ~adrenergic receptor mal- 
function. 7 * 8 However, treatment of obesity with the 
classic nonselective or {^-selective agonists is not pos- 
sible, because of the many unacceptable side effects of 
these drugs. 

The discovery of a third P-adrenergic receptor sub- 
type in humans, which in animal models has been 
shown to stimulate lipolysis in brown and white adi- 
pose tissue and lead to thermogenesis in brown 
adipocytes, has opened new possibilities for treatment 
of human obesity by selective p r adrenergic receptor 
stimulation. In humans the presence of p 3 -adrenergic 
receptor mRNA has been shown in brown and white 
adipose tissue and the gall bladder, colon, stomach, 
small intestine, prostate gland, and heart but not in 
skeletal muscle or the liver, lung, kidney, thyroid, or 
lymphocytes. 9 " 12 One study has more recently provided 
evidence for the presence of the p r adrenergic receptor 
protein in human gastrocnemius muscle and the right 
atrium. 13 Although most of the currently available pr- 
adrenergic receptor agonists are only weak partial ago- 
nists of the human p r adrenergic receptor and usually 
not very selective, a functional role for the p 3 -receptor 
in adipocyte lipolysis has been suggested by studies in 
isolated human omental and subcutaneous fat cells 54 - 15 
and in vivo in microdialysis studies with such ago- 
nists. 1618 Because these drugs are not available for 
intravenous or oral administration in humans, their ther- 
mogenic efficacy is unknown. Indirect studies that used 
combinations of different sympathomimetics and 
blockers to dissect out the contribution of the p 3 -recep- 
tor to human thermogenesis have yielded inconsistent 
results. 19 ' 22 

L~ 796568 [(jR)-^[4-[2-[[2-hydroxy-2-(3-pyridinyl) 
ethyl]amino]ethyl]-phenyl]-4-[4-[4-(trifluoro~ 
methyl)phenyl}thiazol-2-yi]-benzenesulfonamide, 
dihydrochloride] is a newly developed p 3 -adrenergic 
receptor agonist with high affinity (concentration that 
produces 50% of the maximum possible response 
[EC 50 ], 3.6 ± 2.2 nmol/L) and efficacy (94% ± 10% of 
maximal cyclic adenosine monophosphate accumula- 
tion by isoproterenol [INN, isoprenaline]) for the 
cloned human p 3 - adrenergic receptor transfected in 
Chinese hamster ovary cells. 23 L-796568 is a weak par- 
tial agonist at the human p preceptor and P 2 -receptor, 
with EC 50 values of 4.8 and 2.4 |imoi/L, respectively, 
and efficacy of 25% of isoproterenol activity 23 Phase I 



human studies showed that L-796568 was well toler- 
ated in doses up to 1500 mg. Administration of L- 
796568 therefore allows us to study, for the first time, 
the effects of a specific human P 3 -adrenergic receptor 
agonist on in vivo lipolysis and thermogenesis in 
humans. This study was designed to investigate the 
thermogenic efficacy of single oral doses of 250 and 
1000 mg L-796568 in obese men. 

METHODS 

Subjects. Twelve healthy, nonsmoking male volunteers 
between 18 and 45 years old (mean ± SD, 34.4 ± 5.8 
years) were included in the study. All of the subjects had 
maintained a stable weight (±4 kg) and had a body mass 
index between 28 and 34 kg/m 2 (mean ± SD, 30.7 ± 2.1 
kg/m 2 ). None of the volunteers had participated in an 
organized weight loss program during the previous 3 
months. All had normal blood pressure measurements (90 
to 150 mm Hg systolic and 50 to 95 mm Hg diastolic 
blood pressure) and resting heart rates (<90 beats/mi n). 
Habitual heavy consumers of coffee (>4 cups per day) 
were excluded. Current or anticipated use of any pre- 
scription or nonprescription drugs was not allowed. 

Experimental protocol. The study was a 2-center, 
3-period, randomized, placebo-controlled, crossover 
trial. In each period subjects received 250 mg L- 
796568, 1000 mg L-796568, or placebo in a balanced 
fashion. All drug supplies were provided as a "double 
dummy" so investigators and subjects were blinded to 
the treatment regimen. A washout period of 6 to 8 days 
between study periods allowed plasma levels of L~ 
796568 to dissipate. Prestudy procedures included a 
medical history and a physical examination that 
included vital signs, determination of body mass index, 
measurement of thyroid function parameters, a safety 
laboratory panel for blood and urine, and a 12- lead 
electrocardiogram (ECG). 

On the test days the subjects came to the laboratory 
in the morning after an overnight fast. Urine was col- 
lected for the safety panel. Subjects rested in a semire- 
cumbent position, and a catheter was inserted into a 
forearm vein of each subject for blood sampling (100 
minutes before dosing). Continuous heart rate and 
blood pressure monitoring was started, and heart rate 
and blood pressure were registered at 65 and 20 min- 
utes before dosing. At 10 minutes before dosing, blood 
samples were taken for plasma catecholamine concen- 
tration (heparinized tubes that contained glutathione), 
plasma free fatty acids and glycerol concentration (eth- 
ylenediaminetetra-acetic acid tubes), plasma potassium 
(lithium-heparin tubes), and serum leptin concentration 
(serum tubes), as well as for the safety laboratory panel. 
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At 0 minutes before dosing, another blood sample was 
obtained for free fatty acids and glycerol concentration 
and for serum leptin concentration. After all blood was 
drawn, the catheter was flushed with saline solution. 
Ear temperature was determined at 60 minutes before 
dosing. Energy expenditure was measured for 30 min- 
utes, from 60 minutes before dosing to 30 minutes 
before dosing, as a predose baseline. 

After the baseline measurements, each subject was 
given a single oral dose of the study drug (250 mg or 
1000 mg L-796568 or placebo) with 240 ml water and 
continued to fast and rest in a semisupine position for 4 
hours. During this period, energy expenditure was mea- 
sured during the last 20 minutes of each half hour. The 
first 10 minutes of each half hour was used for either 
blood sampling or calibration or both. Blood pressure 
and heart rate continued to be monitored and were 
recorded every 30 minutes. Blood samples for potassium, 
free fatty acids, and glycerol were obtained at 1, 2, 3, 
and 4 hours after dosing. Blood samples were obtained 
1.5 and 4 hours after dosing for plasma catecholamines 
and 4 hours after dosing for leptin. The catheter was 
flushed with saline solution after each blood sample 
was drawn. Four hours after dosing, ear temperature was 
measured and a 12-Iead EGG was obtained. 

Methods. Energy expenditure was determined by 
indirect calorimetry with use of a ventilated hood sys- 
tem. Flow through the hood was set at approximately 
50 L/min and was measured with a dry gas meter 
(Maastricht: Schlumberger, Dordrecht, The Nether- 
lands; Copenhagen: Oxy con-beta, Mijnhardt, The 
Netherlands). Vo 2 andVco 2 were determined every 15 
seconds from flow through the hood and the difference 
in oxygen (Maastricht: paramagnetic oxygen analyzer, 
Servomex, Crowborough, United Kingdom; Copen- 
hagen: Oxycon-beta) and carbon dioxide (Maastricht: 
paramagnetic C0 2 analyzer, Servomex; Copenhagen: 
Oxycon-beta) concentrations between ingoing and out- 
going air. Identical calibration procedures were used in 
the two centers. Respiratory quotient was calculated as 
yco 2 /yo 2 . Energy expenditure was calculated fromVo 2 
andVco 2 with the abbreviated Weir formula. 24 

Blood pressure and heart rate were measured with a 
semiautomated device (Maastricht: Omron 705 CP, 
Hamburg, Germany; Copenhagen: digital blood pres- 
sure meter model UA-743, A & D Company, Tokyo, 
Japan). Heart rate mon i tori ng was performed by means 
of a 3-lead ECG monitor (Maastricht: Cardiolife, 
N i kon - Kohden , Tokyo, Japan ; Copenhagen: Diascope 
2, model 21 1, Simonsen & Weel, Copenhagen, Den- 
mark). The 12-lead ECG was registered by means of a 
Cardiette Daedalus View H, H&C Medical Devices, 



Cavareno, Italy (Maastricht), or a Microsmart MG, 
Marquette Hellige, Freiburg, Germany (Copenhagen). 

Analytic methods. Blood for serum leptin was allowed 
to clot at least 30 minutes and was then centrifuged for 
15 minutes at I200g at room temperature. All other blood 
samples were centrifuged immediately at 4°C for 1 5 min- 
utes at 1200g except for the sample for potassium, which 
was centrifuged at room temperature. Plasma and serum 
were stored at -80°C until analysis. 

Plasma free fatty acids, 25 glycerol, 26 potassium (direct 
potentiometry with an ion-selective electrode) , and serum 
leptin 27 were analyzed at the Department of Clinical 
Chemistry, Academic Hospital of the Free University of 
Brussels (Brussels, Belgium). Plasma catechol amine con- 
cen trations (norepi nephrine and epinephrine) were ana- 
lyzed at the Department of Human Biology in Maastricht 
by HPLC with electrochemical detection by use of a kit 
from Recipe (Munchen, Germany) 28 

Data analysis. Data are presented as mean values ± 
SD, unless stated otherwise. For all variables, mean val- 
ues at baseline (ie, predose for each treatment period) and 
at 4 hours after dosing were calculated. Within-treatment 
changes from baseline to 4 hours after dosing were com- 
puted by subtracting the baseline value from the 4-hour 
postdose value [A4-0 h]). In addition, mean energy expen- 
diture during the 4-hour postdose period (mean 0-4 h) 
and 1-hour peak values were calculated for energy expen- 
diture (for each treatment the two 20-minute measure- 
ments wi thin each hour were averaged and th e highest 1 - 
hour mean value was chosen as the 1-hour peak value). 
The 3 treatments were compared by ANOVA for repeated 
measures (baseline values, 4-hour postdose values, and 
changes over the 4-hour postdose period [A4-0 h]). In 
case of a significant overall ANOVA outcome (P < .050), 
post hoc comparisons between the 250- and 1000-mg 
doses of L-796568 and placebo were performed by paired 
t tests. Within-treatment differences between the 4- hour 
postdose and baseline measurements were analyzed by 
paired t tests. A P value <050 was considered to be sta- 
tistically significant. 

RESULTS 

L-796568 was generally well tolerated in this study. 
Side effects were reported by 7 subjects, were of mild 
to moderate intensity, and had disappeared within 24 
h ours . No tremor was reported .No significant changes 
in safety laboratory parameters or urine composition 
were found in any subjects during the course of the 
study, except in I subject in whom low total cholesterol 
was found that appeared to be unrelated to the drug. At 
baseline there were no statistically significant differ- 
ences for any of the variables among conditions. 
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Table I, Values of all variables (mean ± SD) at baseline (0 h) and at 4 hours after dosing (4 h) and the change during 
the 4-hour postdose period (A4-0 h) 

Variable and treatment Oh 4h A4-0 h 



Energy expenditure (kJ/min) 

Placebo 

250 mg 

1000 mg 

ANOVA 
Ear temperature 

Placebo 

250 mg 

1000 mg 

ANOVA 
Plasma free fatty acids (mmol/L) 

Placebo 

250 mg 

1000 mg 

ANOVA 
Plasma glycerol (umol/L) 

Placebo 

250 mg 

1000 mg 

ANOVA 
Respiratory quotient 

Placebo 

250 mg 

1000 mg 

ANOVA 
Plasma potassium (mmol/L) 

Placebo 

250 mg 

1000 mg 

ANOVA 
Heart rate (beats/mi n) 

Placebo 

250 mg 

1000 mg 

ANOVA 
Systolic blood pressure (mm Hg) 

Placebo 

250 mg 

1000 mg 

ANOVA 

Diastolic blood pressure (mm Hg) 

Placebo 

250 mg 

1000 mg 

ANOVA 
Plasma norepinephrine (ng/L) 

Placebo 

250 mg 

1000 mg 

ANOVA 
Plasma epinephine (ng/L) 

Placebo 

250 mg 

1000 mg 

ANOVA 
Serum leptin (ug/L) 

Placebo 

250 mg 

1000 mg 

ANOVA 



6.05 ± 0.55 


6.14 ±0.59 


0.09 ± 0.36 


6.11 ±0.53 


6, 16 ± 0.48 


0.06 ± 0.21 


5.97 ± 0.58 


6.43 ± 0.52** 


0.46 ±0.31** 


P = .38 


P < .050 


P<.001 


36.6*C ± 0.5°C 


36.7°C ± 0.7°C 


0.13°C±0.40°C 


36.5°C ± 0.4°C 


36.7°C ± 0.6°C 


0. 15°C±0.48°C 


36.4°C ± 0.5°C 


36.8°C ± 0.5°C 


0.33°C ± 0.22°C 


P = .35 


P-.80 


/> = .19 


0.341 ±0.115 


0.542 ±0.1 44 


0.1 83 ±0.1 38 


0.303 ±0.123 


0.585 ± 0.1 15 


0.283 ±0.166 


0.327 ± 0.100 


0.780 ± 0.1.85** 


0.444 ± 0.224** 


P = .63 


P < .001 


P<.0\0 


48.0 ± 17.3 


60.8 ± 17.9 


11.6 ±21.4 


41. 1 ±9.6 


63.4 ± 13.8 


23.1 ± 14.8* 


41.4 ± 10. 1 


78.7 ± 20.7** 


36.3 ± 19.6** 


p ~ ,20 


P < .001 


P < .001 


0.803 ± 0.062 


0.793 ± 0.034 


-0.010 ± 0.035 


0.834 ± 0.052 


0.796 ± 0.027 


-0.038 ± 0.034 


0.818 ± 0.040 


0.783 ± 0.015 


-0.035 ± 0.040 


P= .26 


P m .39 


P ~ .08 


4.01 ± 0.24 


3.97 ±0.21 


-O.04 ± 0.14 


4.10 ± 0.28 


3.87 ± 0. 14 


-0.23 ± 0.24 


4.18 ± 0.59 


3.94 ± 0. 14 


-0.24 ± 0.55 


P « .56 


P a .22 


/> = .29 


62.8 ± !U 


59.4 ± 12.5 


-3.5 ±7.1 


60.3 ± 8.1 


62.0 ± 7.0 


1.5 ± 5.7 


61.2 ± 8.2 


61.4 ±9.0 


-0.2 ± 4.4 


P - .43 


P = .62 


P = A4 


128.6 ±6.6 


530.1 ± 12.6 


U ± 10.0 


132.4 ± 6.2 


135.6 ± 12.2* 


3.2 ± 8.6 


126.8 ± 9.7 


139.1 ± 13.0** 


12.2 ±14.2** 


P~ .16 


F<.050 


F<.0I0 


82.9 ± 6.7 


85.7 ± 7.6 


2.6 ± 5.8 


85.5 ±7.1 


87.3 ± 10.0 


1.8 ±6.1 


81.9 ±6.8 


88.8 ± 10.5 


6.8 ± 8.6 


/>*=.12 


P^.29 


P*.\3 


262 ±70 


271 ±92 


9.0 ± 54.X 


258 ± 108 


278 ± 113 


20.5 ±64.1 


289 ± 90 


324 ± 129 


34.8 ± 114.5 


P ± .29 


/>= .16 


P=.69 


28 ± 14 


38 ±20 


9.8 ±21.0 


27 ±21 


32 ± 19 


4.9 ± 12.3 


28 ± 14 


30 ± 14 


2.2 ± 17.9 


/>=.97 


P = .21 


P = .43 


12.6 ± 7.6 


11.8 ±6.7 


-0.78 ± 1.6 1 


14.0 ±7,4 


12.8 ±6,6 


-U8± 1.17 


U.9±6.7 


1 1 .0 ± 6.9 


-0.87 ± 0.54 


P = .18 


P*AQ 


P~JQ 



ANOVA P value refers to overall between-groups ANOVA outcome. 
*P < .05, **P < .001, versus placebo (post hoc paired t tests). 
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Thermogenic effects. The changes in energy expen- 
diture from baseline during the 4-hour postdose period 
are shown in Fig I . At 4 hours after dosing, energy 
expenditure was significantly different among the 3 con- 
ditions (P < .05, between-treatments overall ANOVA; 
Table I). Energy expenditure increased significantly 
from baseline to 4 hours after dosing (by 0.46 ± 0.31 
kJ/min, 7.8%) after the 1000-mg dose (P < .001, within- 
treatment paired t test). No statistically significant 
changes were found after the 250-mg dose (0.06 ± 0.21 
kJ/min, 1.0%; P ~ .35, within-treatment paired t test) or 
after placebo (0.09 ± 0.36 kJ/min, 1.5%; P = .41, within- 
treatment paired t test). The changes differed signifi- 
cantly among the 3 conditions (P < .001, between-treat- 
ments overall ANOVA; P < .001 for 1000 mg versus 
placebo; P .= .67 for 250 mg versus placebo; Table I). 
Comparison of the 1-hour peak energy expenditures or 
mean energy expenditure during the period from base- 
line to 4 hours after dosing among the 3 treatments did 
not yield statistically significant differences (P = .32 for 
1000 mg versus placebo; P ~ .88 for 250 mg versus 
placebo; between-treatments overall ANOVA). 

Ear temperature values at different time points are 
shown in Table I, No statistically significant differences 
were found at any time point, and the 4-hour postdose 
changes did not differ among treatments (P = .19, 
between-treatments overall ANOVA). 

Metabolic effects. The plasma concentrations of free 
fatty acids and glycerol showed a dose-dependent 
increase during the 4-hour postdose period (Fig 2), 
which differed statistically significantly among condi- 
tions (P < .010 for A4-0 h, between-treatments overall 
ANOVA). The changes after the 250-mg dose (0.283 ± 
0.166 mmol/L for A4-0 h free fatty acids; 23 ± 15 
|xmol/L for A4-0 h glycerol) and after the 1000-mg dose 
(0.444 ± 0,224 mmol/L for A4-0 h free fatty acids; 36 
± 20 |imol/L for A4-0 h glycerol) differed significantly 
from those after placebo (0.183 ± 0.138 mmol/L for 
A4-0 h free fatty acids; 12 ± 21 jxmol/L for A4-0 h glyc- 
erol) (A4-0 h free fatty acids: P < .010, between-treat- 
ments overall ANOVA; P = .09 for 250 mg versus 
placebo; P < .005 for 1000 mg versus placebo; A4-0 h 
glycerol: P < .001, between-treatments overall 
ANOVA; P < .050 for 250 mg versus placebo; P < .005 
for 1000 mg versus placebo; Table I). 

The respiratory quotient at 4 hours after dosing did 
not differ statistically significantly among treatments 
(P = .39, between-treatments overall ANOVA; Table I), 
although there was a tendency toward a reduction in the 
respiratory quotient after the 250-mg (-0.038 ± 0.034) 
and 1000-mg (-0.035 ± 0.040) doses compared with 
placebo (-0.010 ± 0.035), but the difference among 



treatments did not reach statistical significance (A4-0 
h respiratory quotient: P = .08, between-treatments 
overall ANOVA). Plasma potassium concentrations 
showed no statistically significant changes during any 
of the treatments (Table I). 

Cardiovascular effects. There were no statistically 
significant differences in heart rate between the 3 treat- 
ments at any time point, and the changes during the 4- 
hour postdose period did not differ significantly. At 4 
hours after dosing, there was a statistically significant 
difference in systolic blood pressure among treatments 
(P < .050, between-treatments overall ANOVA; Table 
I). The increase in systolic blood pressure during the 
4-hour postdose period was 1.5 ± 10.4 mm Hg after 
placebo, 3.2 + 8.7 mm Hg after 250 mg L-796568, and 
12.2 ± 13.7 mm Hg after 1000 mg L-796568 (P < .005, 
between-treatments ANOVA; P = A I for 250 mg ver- 
sus placebo; P < .010 for 1000 mg versus placebo; 
Table I). No statistically significant differences in dia- 
stolic blood pressure were observed during the study 
period (Table I). 

Hormonal effects. No differences in plasma norepi- 
nephrine, epinephrine, or serum leptin concentrations 
were found among treatments during the 4- hour study 
period (Table I). 

DISCUSSION 

Despite the very clear role of (3 3 -adrenergic recep- 
tors in the regulation of energy expenditure in several 
animal models, their importance in human thermogen- 
esis has not yet been convincingly shown. Several P 3 - 
adrenergic receptor agonists have been tested in 
humans, but because of their poor selectivity and effi- 
cacy, the results so far have not been convincing. 29 - 32 
In contrast to these compounds, L-796568 is both a 
highly selective and a highly effective agonist of the 
human p 3 -adrenergic receptor in vitro. 23 This study 
clearly showed that L-796568 also has lipolytic and 
thermogenic activity in vivo after single-dose adminis- 
tration to obese men. At 4 hours after administration, 
the 1000-mg dose had increased energy expenditure by 
about 8%. The time to peak plasma concentration of L- 
796568 has been shown to be about 4 to 5 hours. 33 In 
this study the plasma concentration of L-796568 there- 
fore probably had not reached its peak in all individu- 
als after the 4-hour period, and a further thermogenic 
effect by L-796568 after 4 hours is likely. 

In vitro the EC 50 of L-796568 for stimulation of the 
human p 3 -adrenergic receptor was 3.6 nmol/L. The 
EC 50 values of L-796568 for human p r adrenergic 
receptor (4770 nmol/L) and p 2 " adrener g ic receptor 
stimulation (2405 nmol/L) were much higher than 
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Fig 1. Energy expenditure (mean ± SEM) after placebo 
(squares), 250 mg L-796568 (circles), and 1 000 mg L-796568 
(triangles). 



those for human P 3 -adrenergic receptor stimulation. 23 
In another study it was found that the peak plasma con- 
centration of L-796568 was about 28.5 nmol/L after a 
single 250-rng dose and about 89.4 nmol/L after a sin- 
gle lOOO-mg dose in lean healthy volunteers (Merck 
Research Laboratories. Data on file). Both concentra- 
tions were well above the EC 50 of {^-adrenergic recep- 
tor stimulation, and the highest concentration was still 
>25-fold lower than the EC 50 for ^-adrenergic recep- 
tor stimulation and >50-fold lower than the EC 50 for 
P j -adrenergic receptor stimulation. However, a signifi- 
cant contribution of P 2 - or (J) -adrenergic receptor-medi- 
ated stimulation cannot be fully excluded only on the 
basis of comparisons with in vitro EC 50 values. Tremor 
and hypokalemia, indicators of p 2 - adrenergic receptor 
stimulation, were not evident and it is unlikely that the 
effects of L-796568 were the result of stimulation of 
sympathetic nervous system activity because plasma 
catecholamine concentrations did not change. 

Several in vitro studies have shown that human sub- 
cutaneous adipose tissue and especially omental adi- 
pose tissue express functional P 3 -adrenergic recep- 
tors. 14,15 Microdialysis studies have shown that these 
receptors are also functional in situ. 16 * 18 This study con- 
firms that systemic administration of a p 3 -adrenergic 
receptor agonist is also capable of stimulating lipolysis 
in vivo. In a recent study we showed that increased 
plasma concentrations of free fatty acids induced ther- 
mogenesis in lean and obese subjects in the absence of 
stimulation by the sympathetic nervous system. 33 It is 
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Fig 2. Mean ± SEM plasma free fatty acid concentrations 
(FFA; A) and glycerol concentrations (B) after placebo 
(squares), 250 mg L-796568 (circles), and 1000 mg L-796568 
(triangles). 



therefore conceivable that the thermogenic response 
after L-796568 administration is caused by the p 3 - 
adrenergic receptor-mediated stimulation of lipolysis 
and does not involve any further p 3 -adrenergic recep- 
tor-mediated effects. 

Systolic blood pressure increased significantly after 
L-796568. In the absence of an increase in heart rate, 
this suggests increased contractility of the heart or an 
increase in total peripheral resistance, However, dia- 
stolic blood pressure did not increase significant I y, 
which does not support an increase in peripheral resis- 
tance. Moreover, in vivo and in vitro experiments in 
different animal species suggest a vasodilatory effect 
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of P 3 ~ adrenergic agonists. 34 The presence of p 3 ~adren- 
ergic receptors in the human heart has been reported 
for the right atrium 13 and for the ventricular endomyo- 
cardium. 12 To date, the functional role of the atrial P r 
adrenergic receptors is unclear. Stimulation of the ven- 
tricular 3 3 -adrenergic receptors produces a negative 
inotropic effect in animals and in human ventricular 
endomyocardial biopsies. 12 * 34 On the basis of these 
findings, a role for the up-regulation of P 3 ~adrenergic 
receptors in human heart failure as a protection against 
further myocyte damage has been proposed. 34 How- 
ever, a negati ve inotropic effect of stimulation of P 3 - 
adrenergic receptors is not in line with the increase in 
systolic blood pressure that was observed in this study. 
On the basis of these data, an increased contractility of 
the heart as a result of p r adrenergic receptor stimula- 
tion by L-796568 cannot be fully excluded. However, 
the pattern of changes of the different variables after L- 
796568 is not identical to that after specific p r (or p 2 )- 
adrenergic receptor stimulation. 33 

In conclusion, single-dose administration of 1000 mg 
of the novel P 3 -adrenergic receptor agonist L-796568 
increased lipolysis and energy expenditure in over- 
weight men. This is the first study to show such an 
effect of P 3 -adrenergic receptor agonists in humans, 
without significant evidence for p 2 ~adrenergic receptor 
involvement. Involvement of p t -adrenergic receptor 
stimulation could not be fully excluded but seems to be 
unlikely in view of the higher EC 50 for human P r 
adrenergic receptor stimulation than for human SYM- 
BOLB 3 -adrenergic receptor stimulation in vitro and the 
plasma concentrations likely to be present. 

We thank Jos Stegen for his analysis of the plasma catecholamines. 
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Validity of (-M 3 HJ-CGP 12177A as a radioligand for the 'putative 
^adrenoceptor' in rat atrium 

Doreea Sarsero, *Pfcter Molenaar & * AUier to J, Kallmann 

Department of Pharmacology, University of Melbourne, ParkviUe, 3052, Victoria, Australia and *Human Pharmacology 
Laboratory, The Babraham Institute, Cambridge CB2 4AT, U.K. 

1 We have recently suggested the existence in the heart of a 'putative /^-adrenoceptor* based on the 
cardiostimulant effects of non-conventional partial agonists, compounds that cause cardiostimulant 
effects at greater concentrations than those required to block ft- and /^-adrenoceptors. We sought to 
obtain further evidence by establishing and validating a radioligand binding assay for this receptor with 
(-H*H]-COP 12 177 A (C-H-(3-tertiarybutylamino-2-hydroxypropoxy) benzimidazol-2~one) in rat 
atrium. We investigated (-)-pH]-CGP 12177A for this purpose for two reasons, because it is a non- 
conventional partial agonist and also because it is a hydrophilic radioligand. 

2 Increasing concentrations of (-)-pHl-CGF 121 77A, in the absence or presence of 20 (~)-CGP. 
12177A to define non-specific binding, resulted in a biphasic saturation isotherm. Low concentrations 
bound to ft- and /^-adrenoceptors (pK v 9,4±0.1, 26,9 ± 3.1 fraol mg' 1 protein) and higher 
concentrations bound' to the 'putative ^-adrenoceptor* (pK D 7.5±0.1, Bm« 47.7 ± 4.9 fmol rag" 1 
protein). In other experiments designed to exclude ft- and ft-adrenoceptors, (-)-pHJ-CGP 12177A 
(1-200 nM) binding in the presence of 500 nM (-)-propranolol was also saturable (pjC D 7.6 ±0.1, 
50.8 ±7.4 fmol nig-' protein). 

3 The non-conventional partial agonists (~)-CGP 121 77A (p/iT, 7.3 ±0.2), (±)-cyanopindolol (pAi 
7.6±0.2), (-^pindolol (pAi 6.6±O.I) and (±)-carazo!ol (ptf ( 7.2±0.2) and the antagonist (~> 
bupranolol (ptf, 6\6±0.2), all competed for (-O-pHj-CGP 12177A binding in the presence of 500 nM 
(-)-propranoIol at the 'putative /^-adrenoceptor*, with affinities closely similar to potencies and affinities 
determined in organ bath studies. 

4 The catecholamines competed with (-)-[ 3 H]-CGP 12177A at the 'putative ^-adrenoceptor* in a 
stereoselective manner, (--^-noradrenaline (p/fa 6.3±0.3, pK^. 3.5±0.1), (-^adrenaline (pK m 6.5±0.2, 
piC iL 2.9±0.1), (-)-isoprenaline (pK m 6.2±0.5, pK iL 3.4+0.1), (+>isoprenaIine (pA»<l.7). (-)-R0363 
(( - ).(J -p,4-dimethoxyphenethylamino)-3-(3,4-di^^ p J£ 5 .5 ±0. 1 ). 

5 The inclusion of guanosine 5-triphosphate (GTPO.i mM) had no effect on binding of (-)-CGP 12177A 
or (-)-isoprenaline to the 'putative ^-adrenoceptor*. In competition binding studies, (-)-CGP I2177A 
competed with (~M 3 HJ~CGP 12177A for one receptor state in the absence <ptf t 7.3±0.2) or presence of 
GTP {pKi 7.3±0.2). (-)-Isoprenaline competed with (->pH]-CGP 12177A for two states in the absence 
(pJK H 6.6±0.3, pic*. 3.5±0.1; % H 25±7) or presence of GTP (pK m 6.2±0.5, ptf iL 3.4±0J;.% H 37±6), 
In contrast, at ft-adrenoceptors, GTP stabilized the low affinity state of the receptor for (-)-isoprenaHne. 

6 The specificity of binding to the 'putative /^-adrenoceptor' was tested with compounds active at other 
receptors. High concentrations of the ft-adrenoceptor agonists, BRL 37344 ((RR + SS)[4-[2-p-(3- 
chlorophenyl)-2'hydroxy-ethyl]amino]propyl]phenoxy3acetic acid, 6 j*M), SR 5861 1A (ethyl{(7S)-7-[(2R)- 
2 - (3 - chlorophenyl) - 2 - hydroxyethylamino] - 5,6,7,8 - tetrahydronaphtyK - yloxy} acetate hydrochloride, 
6jtM), ZD 2079 ((±>l~phenyl-2^2-4-<»rboxymethylphenoxy)-ethylamino)-ethan-l-ol, 60 im\ CL 
316243 (disodiura (R,R)-5-[2-[2-(3-chlorophenyl)-2-hydroxyethyl-armno]propylI- l,3~benzodioxoIe-2,2- 
dicarboxylate, 60 jtxM) and antagonist SR 59230A.<3-(2-ethylphenoxyH-((lS> 1,2,3, 4-tetrahydronaphth- 
l-ylamino3«2S-2-propanol oxalate, 6 /iM) caused less than 22% inhibition of (-)-[ 3 H]-CGP 12177A 
binding in the presence of 500 nM (~)~propranolol. Histamine (I mM), atropine (I /4M), phentolamine 
(10 WX 5-HT (100 fOd) and the 5-HT, receptor antagonist SB 207710 ((l-butyl-4-piperidinyl)-methyI 8- 
aimno-7-iodo-l,4-benzodioxan-5-carboxylate, 10 nM) caused less than 26% inhibition of binding. 

7 Non : conventional partial agonists, the antagonist (-)-bupranolol and catecholamines all competed 
for (~)-[ 3 Hj-CGP 12J77A binding in the absence of (- propranolol at ft-adrenoceptors, with affinities 
(pJQ ranging from L6-3.6 log orders greater than at the 'putative /^-adrenoceptor*. 

$ We have established and validated a radioligand binding assay in rat atrium for the 'putative ft- 
adrenoceptor* which is distinct from ft-, ft- and ft-adrenoceptors. The stereoselective interaction with the 
catecholamines provides further support for the classification of the receptor as 'putative ft-adrenoceptor\ 
Keywords: (~)-[»H]-CGP 12177A; (-)-CGP 12177A; 'putative ft-adrenoceptor*; atypical ft-adrenoceptors; ft-adrenoceptor; 
non-conventional partial agonists; catecholamines; (-)-R0363; rat atrium 

Introduction 

Carlsson el ai. (1972) showed that both ft- and ft- existence of ft- and ft-adrenoceptors has been confirmed in 
adrenoceptors mediate positive chronotropic effects in cat various cardiac regions in many species including man 
sino-atrial node and were the first to propose the co- (Blnatan el al t 1994; Kaumann, 1997; Kaumann & 
existence of ^-adrenoceptors. Since then, the concept of co- Molenaar, 1997), Recently, Gauthier el al (1996) provided 

evidence for a ft-adrenoceptor in endomyocardial ventri- 
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undergoing open heart surgery. Interestingly, unlike ft- and 
^adrenoceptors which mediate cardiostimulant effects 
(Kaumann & Molenaar, 1997), stimulation of the 0 3 - 
adrenoceptor caused cardiodepressant effects (Gauthier et 
at,, 1990. However, cardiodepressant effects mediated by 
stimulation of /^-adrenoceptors have not been confirmed in 
human right ventricular trabeculae, from explanted hearts in 
terminal failure, or in right ventricular septal strips, from 
young children with congenital defects (Kaumann & 
Molenaar, 1997). 

For well over 20 years now, evidence has been slowly 
accumulating for the existence of a cardiac /^-adrenoceptor 
which is pharmacologically distinct from the 0,-, ft- and ft- 
adrenoceptor subtypes. First described in 1973 (Kaumann, 
1973), some compounds which had been classified as ft- and 
/^-adrenoceptor antagonists, caused cardiostimulant effects 
at much higher concentrations than those that caused 
antagonism. These compounds were termed non-conven- 
tional partial agonists. It was not until later (Kaumann, 
1989) that it was hypothesised that non-conventional partial 
agonists may mediate their effects through a ^-adrenoceptor 
distinct from ft- and /^-adrenoceptors. Non-conventional 
partial agonists also cause agonist effects on /^-adrenocep- 
tors of adipocytes (for review see Arch & Kaumann, 1993), 
leading on occasion, to the assumption that the cardiac 
atypical ftadrcnoceptor is a /^-adrenoceptor (Bond & 
Lefkowitz, 1996), However, more recently, Malinowska & 
Schlicker (1996) and Kaumann & Molenaar (1996) showed 
that the non-conventional partial agonists, CGP 121 77 A and 
cyanopindolol caused cardiostimulant effects in rat heart 
through a receptor that was pharmacologically distinct from 
/^•adrenoceptors. Furthermore, Kaumann & Molenaar 
(1996) showed that the ^-adrenoceptor agonists, BRL 
37344, CL 316243, ZD 2079, SR 5S611A at concentrations 
up to 60 /um, concentrations considerably higher than those 
required to relax rat colon through /Adrenoceptors, did 
not have any effect in rat left or right atrium, nor did they 
have any effect on cardiostimulant responses to (-)-CGP 
I2177A. The cardiostimulant effects of (->-CGP 12177A 
were unaffected by the ft- and ft-adrenoceptor antagonist 
(— ^propranolol (200 nM), only marginally blocked by the 
ft-adrenoceptor selective antagonist SR 59230A (ptf B ~,5.1- 
5.4 compared to 6.3-7.5 at rat colonic ft-adrenoceptors) 
and were blocked with moderate affinity by (-)-bupranolol 
(pjRT B «6.4-6.8) and CGP 20712A (pK»~ 6.3-6.4) (Kau- 
mann & Molenaar, 1996). There is now evidence for 
coupling of the receptor to the Gs protein-adenylyl cyclase 
pathway. Positive inotropic and chronotropic effects of (-)- 
CGP 121 77 A were potentiated by the phosphodiesterase 
inhibitor 3-isobutyl-l-methylxanthine (IBMX; Kaumann & 
Lynham, 1997). Furthermore (-)-CGP 12177A enhances 
cyclic AMP levels (Kaumann et aU 1997) and causes 
increased activity of cyclic AMP-dependent protein kinase 
in left and right atrium (Kaumann & Lynham, 1997). 

Until now a radioligand binding assay for the receptor 
that mediates cardiostimulant effects of non-conventional 
partial agonists has not been available. In this study we have 
developed and validated a radioligand binding assay in rat 
atrium with (~)-pH]-CGP 12177A. In addition we have 
provided evidence for binding to the receptor of the 
endogenous catecholamines, (— ^noradrenaline and (—)- 
adrenaline and synthetic catecholamines, (-)-isoprenaUne 
and (-)-R0363. We now propose that non-conventional 
partial agonists and catecholamines interact with the cardiac 
atypical ^-adrenoceptor which we designate 'putative ft- 
adrenoceptor*. 



A preliminary account of this work was presented at the 
American Society for Pharmacology and Experimental 
Therapeutics meeting, San Diego, March, 1997 (Sarsero et ai., 
1997). 



Methods 

Membrane preparation 

Sprague-Dawley rats of either sex (250 - 300 g) were stunned 
by a blow on the head, exsanguinated and left and right atrium 
dissected. Atria were homogenized in ice-cold Tris/Mg 2 * assay 
buffer (composition in mM: Tris-HCl 50, EGTA 5, EDTA I, 
MgCI 2 4, ascorbic acid 1 and phenylmethyisulphonyl fluoride 
0.5; pH 7.4), then centrifuged for 5 min at 2,250 x g (4°C). The 
supernatant was centrifuged at 50,000 x g (4°C) for 1 5 min and 
the pellet resuspended in 15 volumes of ice-cold assay buffer. 

Experiments were performed in assay buffer with or without 
guanosine ^triphosphate (GTP; 0.1 mM). 

Association and dissociation experiments 

The association of (->fH]-CGP 12177A (specific activity 44.5 
Ci mmol- 1 ) to 'putative ft-adrenoceptor 1 binding sites in rat 
atrium was determined at time points ranging from 0- 15 min. 

The dissociation of (~)-pH]-CGP 12177A from binding 
sites previously incubated with (~)-pH]-CGP I2177A for 
20 min at 37°C was determined for time points ranging from 
0-60 min after the addition of 20 /iM (-)-CGP 12177A. K t 
was determined from the equation 

Bt^Bsq-e""*" 11 (I) 

where B t is specific binding at time t and Beq is specific binding 
at equilibrium. 

Saturation experiments 

For binding to ft-, ft- and 'putative ft-adrenoceptor' binding 
sites 0.01 -200 nM (-)-pH]-CGP 12177A was used in the 
absence or presence of 20 pM (-)-CGP 12177A to define non- 
specific binding. 

Saturation binding experiments were analysed for two 
binding sites by non-linear curve fitting with the equation 

Ba, - (*W, lAW , tR-[ 3 H]~CGP 12I77A))/ 
(Ko,^* + [(-)-[ 3 H)-CGP 12I77AD+ 
(IW* l(-M 3 H]-CGP12177A])/ 
(Kd^ + [H~[*H]-CGP 12177A]) (2) 

where B^^,^ is the maximal density of ft- + ft- 
adrenoceptors, B maXMR is the maximal density of 'putative ft- 
adrenoceptors*, Kr>^ wl+ ^ AR is the dissociation constant of (-)- 
[ 3 H]-CGP 12177A for ft- and ft-adrenoceptors and K D/I<AR is 
the dissociation constant of (~H 3 H]-CGP 12177A at the 
'putative /^-adrenoceptor'. 

Alternatively, for binding to ft- and /^-adrenoceptor 
binding sites only, 0.01-20 nM (-)-pHl-CGP 12177A was 
used in the absence or presence of 500 nM (-^propranolol to 
define non-specific binding. For binding to 'putative fir 
adrenoceptor* binding sites only, 1-200 nM (-M 3 H]-CGP 
12177A was used in the presence of 500 nM (-^propranolol 
with 20 /iM (-)-CGP 12177A to define non-specific binding. 
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Saturation binding experiments were analysed for one 
binding site by non-linear curve fitting. 

Assays were conducted at 3TC for 120 min. 

Competition binding studies 

For binding to ft -adrenoceptor binding sites a single 
concentration of (~H 3 H]-CGP 12177A (1.0-3.8 nM) was 
used in the presence or the ^-adrenoceptor selective 
antagonist ICI 118,551 50 nM, a concentration which is at 
least 100 tunes greater than its affinity for /^-adrenoceptors 
(Bilskt et al. f 1983; Lemoine et ai.> 1985). The concentrations 
of (->pH3-CGP I2177A used were higher than its pK a 
value at rat atrial ft- or /^-adrenoceptor binding sites (j>£ D 
9.4, this study) and were used to obtain a clear signal 
between total and non-specific binding. A . higher concentra- 
tion (47-57 nM) was used to label 'putative /^-adrenocep- 
tor* binding sites in the presence of 500 nM (-)-propranolol. 
Non-specific binding was defined as above. Assays were 
conducted at 37*C for 120 rain (ft- and ^-adrenoceptors) or 
60 min ('putative ^-adrenoceptors'). 

Competition binding experiments were analysed according 
to the equation: 

Bcq « Bjub + (B, b - Bfl^/U + iflff"**Mh**Wtf ) (3 ) 

where B th = specifically bound (~)-fH]-CGP 12177A in the 
absence of competitor, B n , b =non~specifically bound (-M 3 H]- 
CGP 121 77 A and ICjo^the concentration of. competitor 
causing 50% inhibition. 

The p/Ci for the competitor was then calculated from the 
Cheng and Prussoff equation (Cheng & Prussolf, 1973). 

Competition binding experiments were analysed for two 
sites according to the equation; 

B*, « B^b +f H (B* - B iab )/(1 + I0(t«^M--MQ«>) + 

- B**)/(l + loW^M^tarti)) (4) 

where f H is the fraction of high affinity, binding sites, f L is the 
fraction of low affinity binding sites, ICjoh and IC»l are 
concentrations of competitor causing 50% inhibition at high 
and low affinity binding sites, respectively. pK m and T?K iL were 
calculated as above. 

Assays were terminated by addition of 5 ml ice-cold Tris 
wash bufTer (Tris-HG, 50 mM, pH 7.4) followed by rapid 
filtration (Brandel M-30R cell harvester) over GF/B filters. 
Radioactivity retained on filter paper was counted in a 
Packard beta-counter (Model Tri-Carb 460 CD). 

Protein was determined by the method of Lowry et aL 
(1951) with bovine serum albumin as a standard. 

Kinetic, saturation and competition binding data were 
analysed by non-linear regression by PRISM ■ (GraphPad 
Software, Inc.). 

Drugs used 

(~>CGP 12177A, BRL 37344, SB 207710 (SmithKline 
Beecham Pharmaceuticals, Welwyn, U.K.), CGP 20712A (2- 
hydroxy - 5(2-((2-hydroxy * 3- (4 -((l-methyl-4 -trifiuororaethyl) 
lH-imidazole-2-yl) -phenoxy) propyl) amino) ethoxy)-benza~ 
mide monornetnane sulfphonate) (Ciba-Geigy AG, Basel, 
Switzerland), (±)-carazo!ol (Boehringer Mannheim GmbH, 
Mannheim, Germany), SR 58611 A (Sanofi, Montpellier, 
France), SR 59230A (Sanofi, Milan, Italy), CL 316243 
(Wyeth-Ayerst Research Princeton, NJ, USA), ZD 2079 



(Zeneca Pharmaceuticals, Macclesfield, U.K.), ICI 118,551 
(ery thro - DL - 1 (7 -methylindan - 4 - yloxy) - 3 - isopropylamino- 
butan-2-ol) (Zeneca, Wilmslow, Cheshire, U.K.), (±>cyano- 
pindolol, (~)-pindolol (Sandoz, Basle, Switzerland), (-)- 
bupranolol (Sanol, Monheira, Germany), (+)-isoprenaline 
(+>bitartrate (Sterling-Winthrop Research Institute, Rensse- 
laer, NX, USA), guanosine 5'-triphosphate (Boehringer 
Mannheim, Australia), (~)-R0363 (Institute of Drug Tech- 
nology, Boronia, Australia), (-^-noradrenaline bitartrate 
(Research Biochemicals International, Natick, MA, USA); 
(-)-propranolol hydrochloride, (±)-propranolol hydrochlor- 
ide, histamine dihydrochloride, (~>adrenaline bitartrate; (-> 
isoprenaline bitartrate; atropine sulphate; 5-hydroXytrypta- 
mine hydrochloride; phentolamine methanesulphonate; phe- 
nylraethysulfonyl fluoride; bovine serum albumin, (Sigma, St 
Louis, MO, USA); (~)-pH]-CGP 12177A (Dupont, Boston, 
MA, U.S.A.). 



Kinetic binding experiments 

Specific binding of 20 nM-84 nM (-)-pH]-CGP J2I77A in the 
presence of 500 riM (-)-propranolol to 'putative ^adreno- 
ceptors* in rat atrial homogenates was time-dependent and 
reached over 50% of equilibrium by 15 s, our first sample 
point (ft -6, Figure 1). Therefore, we were not able to obtain 
an accurate estimate of the observed association rate constant. 
Binding remained stable for up to 60 min (n - 3). The addition 
of excess (-)-CGP 12177A (20 um) caused dissociation of 
(-).pHj-CGP 12177A with a dissociation rate constant, K\ 
5.9±2.2x 10- 2 rnfcr 1 , ft-5 (Figure I). 

Saturation binding experiments 

Specific binding of increasing concentrations (0.01 -200 nM) of 
(~)-fH]-CGP 12177A (defined with 20 uu (-)-CGP 12I77A) 
to rat atrial homogenates was biphasic with a low Hill slope 
(0.77±0.05, ft-6). Non-specific binding of (-)-[ 3 H>CGP 
12177A increased linearly with concentration (not shown). 
Specific binding was 56±4% of total binding, 72±14 d.p.m. 
at 60 pM; 86±1%, 3U±36dpm at 500 pM; Sl±l%, 
83Q±68d.p.m. at 5 nM and 50±2%, 1499 ±79 d.p.m, at 
40 nM. The curve could be resolved into two sites, one with 
roighan1nity(pA" I >9.4±0.1,.B m a Jt 26.9±3.1 fraol mg -1 protein) 
and another site with lower affinity (pK D 7-5 ±0.1, B roftX 
47.7 ±4.9 fmol mg~ ! protein, n^6). Figure 2 shows a 
representative saturation binding experiment 

In other saturation binding experiments, binding of low 
concentrations of (-)-pH]-CGP 12177A (0.01 -20 nM) in the 
absence or presence of 500 nM (~ propranolol to rat atrial 
membrane homogenates was saturable (B^ 
30.1 ±1.6 fmol mg-' protein, n~6) and of high affinity (pK D 
9.4±0.1, n**6) (Figure 2). This value- is similar to that 
observed for binding to ft- and /^-adrenoceptor binding sites 
in rat ventricle by NanorTef al (1987). The presence of ft- and 
ft-adrenoceptor binding sites was confirmed by competition 
binding studies with the selective /^-adrenoceptor antagonist 
CGP 20712A, which revealed binding to 8.2±0.2, % ft 

78±1, «-6) and /^-adrenoceptor binding sites (pAl 6.1 ±0.1, 
% ft 22±1, n » 6) (Figure 3). (-^Propranolol competed with 
(-)-pHJ-CGP 12177A with high affinity (pKi 8.4±0.1, n H 
0.91 ±0.15, n » 6) (Figure 3) and was therefore used at 500 nM 
to block binding of (-^rfl-CGP 12H7A to ft- and ft- 
adrenoceptor binding sites. 
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Figure 1 Kinetic analysis of (~>[ 3 H1-CGP 12J77A binding to 
'putative ^-adrenoceptor* binding sites in rat atrial membranes. (-)- 
[%3-CGP 12177A binding was performed in the presence of 500 nM 
(-^propranolol to block ft- and ft-adrencceptors. Non-specific 
binding was determined with 20 /*M (~>CGP 12177A. Representa- 
tive association curve (a) shows specific binding of (-)•[ HJ-CGP 
12J77A (84 nM) at 37°C against time. Mean dissociation curve (b) 
shows specific binding at various times after addition of 20 /im (-> 
CGP 12177A. Bach point is expressed as a percentage of the binding 
occurring at equilibrium in association experiments and at time zero 
in dissociation experiments. Vertical lines in (b) show s.e.mean from 5 
separate experiments. 



(~).pH]-CGP 12177A (1-200 nM) binding was saturable 
in the presence of 500 nM (~~)~propranolol (B^ 
50.8 ±7.4 frnol mg _! protein, w = 6) and of lower affinity (pXr> 
7.6±0.1,«=6) (Figure 2). 

The results of the separate saturation binding experiments 
for (->[ S H]-CGP 12177A together with competition binding 
experiments with CGP 20712A are consistent with the presence 
of high affinity ft- and ft -adrenoceptor binding sites, together 
with a lower affinity binding site, i.e. the 'putative ft- 
adrenoceptor*. 



Competition binding experiments at the 'putative 
P<-adrenoceptor' 

The non-conventional partial agonists (-)-CGP 12177A, (±> 
cyanopindoiol, (-)-pindolol and (±)-carazolol and the 
antagonist (~)-bupranolol all competed for binding at the 
'putative ft-adrenoceptor* (Table U Figure 4 and 5). High 
concentrations of the selective ft-adrenoceptor agonists, 6 fiM 
BRL 37344, 60 fiM ZD 2079, 60 /xM CL 316243, 6 fM SR 
5861 J A and the ft-adrenoceptor antagonist 6 /im SR 59230A 
caused less than 22% inhibition (Table 2). Drugs from other 
classes of receptors, i mM histamine, 1 hm atropine, 10 jiM 
phentolamine, 100 fiM 5-HT and the 5-HT 4 antagonist 10 nM 
SB 207710 did not compete for (-)-l 3 H3-CGP 12177A binding 
(Table 2). 
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Figure 2 Individual saturation binding experiments showing 
specific binding in Tat atrial membranes for (a) (~H HJ-CGP 
12177A (0.01-200 nM) binding to ft-, fa- and 'putative ft- 
adrenoceptors' wiih non-specific binding determined by 20 um 
(-)-CGP 12177A, (b) (-)-ffi]-CGP 12177A (0.01 -20 nM) binding 
to fli- and Br adrenoceptors with non-specific binding determined 
with 500 um <~).propranolol and (c) (~M 3 H3-CGP 12177A (1- 
200 nM) binding to 'putative ft-adrenoceptois' in the presence or 
500 nM (— )-propranolol l with non-specific binding determined with 
20 fOA (-)-CGP 121 77 A. In (a) the saturation binding isotherm was 
biphasic with one component corresponding to binding at ft- and 
ft- adrenoceptors and the other component corresponding to 
binding at the 'putative ft-adrenoceptor*. Note, experiments shown 
in (a), (b) and (c) were performed on different hatches of atrial 
membranes. 



The catecholamines (-)-noradrenaline, (— ^adrenaline, (-)- 
isoprenaline, (+)-isoprenaline and (~)-RQ363 competed for 
binding in a stereoselective manner(Table 1, Figure 6). 



29/08 201X HON lis 55 FAX +61 2 9906 7807 Cardiology Dept L6A RNSH 



0006/028 



D. Sarsero et al Rat atrial 'putative ^adrenoceptor' 



375 



Competition binding experiments at $ r adrenoceptors 

Competition binding experiments were also performed at fa- 
adrenoceptors. The non-conventional partial agonists and the 
antagonist (-)-bupranolol competed for (~>pH]-CGP 
12177A binding at ^-adrenoceptors (Figures 4 and 5, Table 
J). The catecholamines, {— ^noradrenaline, (— )-adrenaline, 
(—^isoprenaiine, (+)-isoprenaline and (— )-R0363 also 
competed at the /^-adrenoceptor in a stereoselective manner 
(Figure 6, Table 1). The difference of log affinity estimates 
between jt r and *putative ^-adrenoceptor' binding sites (log 
pATj /?t-adrenoceptor-log pKi 'putative ^-adrenoceptor*) were 
not consistent and ranged between 1.6 and 3.6 log units (Table 
1). 
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Figure 3 Mean competition binding curves between (-)-pHJ-CGP 
121 77A and (-^propranolol and COP 20712A at ft and fa 
adrenoceptor binding sites. Competition binding curves for CGP 
207 12A could be resolved into a high affinity component correspond- 
ing to Pi -adrenoceptors and a low affinity component corresponding 
to /^adrenoceptors. Vertical lines show s.e.mean. 



Effect o/GTP on radioligand binding at p r and 'putative . 
^-adrenoceptor' binding sites 

GTP (0.1 mM) stabilized the low affinity binding site for (-)- 
isoprenaline at /^-adrenoceptors. In the absence of GTP, two 
binding sites (pK m 8.47, pJ^ 6.79, % H 35.1) were identified. 
However, in the presence of GTP, one site only with pK\ 7.1 
was detected (Figure 7, Table 1). 

At 'putative /^-adrenoceptor/ binding sites, inclusion of GTP 
(0.1 mM) had no effect on competition binding experiments 
with (-)-CGP 12177A or (~)-isoprenaline (Figure 7). (~> 
CGP 12177A competed with (~H 3 HJ-CGP 12177A for one 
receptor state in the absence or presence of GTP with affinity 
pKi 7.3 (Figure 7, Table 1). (-)-Isoprenaline competed with 
(_)-pH]-CGP 12I77A at two states of the receptor in the 
absence (pK m 6.6, pXk 3.5; % H 25.0) and presence of GTP 
<pK m 6.2, pK iu 3.4; % H 37.5) Figure 7, Table 1). 



(-H'HJ-CGP 12177A was used to label /J r , fi r and 'putative 
/f 4 - adrenoceptor* binding sites in rat atrium. The design* of the 
putative ^-adrenoceptor binding assay was based on func- 
tional studies in which (-)-CGP 121 77A stimulated an atypical 
^-adrenoceptor resistant to blockade of ft- and /^-adrenocep- 
tors by (-)-propranolol in rat right and left atrium (Kaumann 
& Mblenaar, 1996; 1997; Kaumann, 1997), which we now call 
the 'putative /^-adrenoceptor*. We considered (— M 3 H]-CGP 
121 77A to be a suitable candidate to investigate as a radioligand 
for the 'putative ^-adrenoceptor* in preference to other non- 
conventional partial agonists, such as iodocyanopindolol or 
carazolol because of its low lipophilicity (Partition Dulbecco's 
phosphate buffer solution: octanol ratio [ 5 H]-carazolol 1:23; 
[ l25 r}-iodocyanopindolol 1:18; [ 3 H]-CGP 12177A 3.1:1; Staehlin 
et ai t 1983). We also considered, as did Staehlin et al, (1983), 
that (~M*H]-CGP 12I77A was less likely than pH]-carazolol 



Table 1 Comparison of competition binding data between (-)-[^CGP 12 177 A and catecholamines «™^™ n *^ Jj" 
agonists and the antagonist (-)-bupranoloi at /*, -adrenoceptors and the putative '^-adrenoceptor* in the presence or absence of 
guanosine triphosphate (GTP, 0.1 mM). , 



+ GTP (OJmM) 
(—) -Noradrenaline 

(—)- Adrenaline 

(— )-Isoprenaline 

(+)-Tsoprenaline 
(~)-R0363 
(-)-CGP 12377A 
( ±)*Cyanopindolol 
(-^-Pindolol 
(±)-Carazolol 
(— )-Bupranolol 

—OTP 

(-)-Isoprenaline 
(-)-CGP I2177A 



p r adrenoceptors* 
pK t % 



5.89±0.12(L) 

5.66±0.07(L) 

7.06±0.04(L) 
3.71 ±0.13 • 
7.45±O.06 

10.75±0.05 
8.69±0.04 
9.96±O.I0 
8.19±0.02 



100 
100 
100 



0.82±0.02 

0.83 ±0.06 

0.99+O.O5 
0.74±0.U 
0.9?±0J2 

0.98±0.05 
0.9! ±0.09 
1.24±0.14 
1.01 ±0.05 10 



8.47±0.31(H) 35.1±7.9(H) 0.74±0.O2 
6.79±0.20(L) 6*4,9±7.9(L) 



Putative p r adrenoceptors** 
% 



n 




5 


630±0.3Q(H) 




3.46±0.05(L) 


5 


6.51±0.19<H) 




2.92±0.11(L) 


4 


6.23±0.46(H) 




3:44±0.12(L) 


6 


<1.7 


6 


5.46±0.13 


4 


7.34±0.18 


6 


7.56±0.17 


6 


6.57±0.14 


6 


7.23±0.22 


10 


. 6.63 ±0.20 


4 


6.56±0.35(H) 




3.50±O.07(L) 


4 


7.32±0.19 



20.5 ± 3.6(H) 
79.5±3.6(L) 
24.4±3.4(H) 
75.6±3.4(L) 
37.5±6.3(ri) 
62.5±6.3(L) 



0.58±0.07 
0.31 ±0.03 
0.43±0.04 



2.43 



2.74 
3.62 



0.81 ±0.09 1.99 
O,75±0.06 

O.65±0.09 3.19 

0.77±0.16 2.12 

0.85 ±0.21 2.73 

0.83 ±0.06 1.56 



0.82±0.13 



1.91 
3.29 



♦^-Adrenoceptor binding performed in the presence of the ^-adrenoceptor antagonist IC1 118,551 50 m. , n . 

♦^Putative ^-adrenoceptor* binding performed in the presence of (- propranolol 500 ,nM. Affinity (p*D and pseudo Hul coefficient 
values (n H ) were obtained from n individual experiments and are shown as mean±s>e.mean. Ap^-P^i (Pi -adrenoceptor) -p** 
(•putative ^-adrenoceptor'). H: high affinity binding state; L: low affinity binding state; %: percentage of receptor m high or low 
affinity binding state. 
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Figure 4 Mean competition binding curves between (-M 3 H]-CGP 12177A and non-conventional partial agonists {(a)(~)-COP 
12177A, (b) (±)-cvanopindoloi, (c) («~)-pmdolol and (d) (£)-carazoloi) at ^-adrenoceptor binding sites in the presence of the 
selective ^-adrenoceptor antagonist 50 nM ICI 118,551 (solid circles) and 'putative /^-adrenoceptor' binding sites (open circles). 
Vertical lines show s.e.mean* 
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Figure 5 Mean competition binding curves between (-M*Hl-CGP 
12I77A and the antagonist (->bupranoloI. at jft-adrenoceptor 
binding sites in the presence of the selective ^-adrenoceptor 
antagonist 50 »M ICI 118,551 (solid symbols) and 'putative 
adrenoceptor 11 binding sites (open symbols). Vertical lines show 



or [ ,M I]-iodocyanopindolol to bind to non-specific, (-)- 
propranolol-resistant binding sites (Molcnaar et ai t 1992). 

The continuous saturation binding experiment with (-)- 
[ 3 H]-CGP 12177A in the absence or presence of 20 fitA CGP 
121 77 A was biphasic, suggesting the presence of at least two 
distinct receptor populations. The higher affinity site was to ft- 
and /^-adrenoceptor binding sites which we did not distinguish 
between. Earlier radioligand binding studies showed evidence 
for fit- and /^-adrenoceptor binding sites in rat whole heart 
(Minneman et a/., 1979a;b), ventricle (Nanoff et al„ 1987; 
Sarsero & Molenaar, 1995) and in separate (Juberg et al, 1985) 
or combined left and right atrium, (this study). In rat ventricle, 
Nanoff et aL (1987) showed that (~>[*H]-CGP 12177A bad a 
slightly higher affinity for fi r (p/£ 9.5) than ^-adrenoceptor 
binding sites (pAJ 9.0) which was similar to our 'combined* j5f r 
and /^-adrenoceptor value. In spontaneously beating rat right 
atrium /^-adrenoceptors mediate powerful chronotropic 
effects, but it is also possible to detect ^-adrenoceptor- 
mediated chonotropic effects with either the selective 
adrenoceptor agonist procaterol (0*Donnell & Wanstall, 1985) 
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Table 2 Summary of competition binding data at the 
'putative /^adrenoceptor* * between (-)-f 3 H|-CGP 121 77A 
and single concentrations of compounds active at pV 
adrenoceptors, histamine, muscarinic, a-adrenoceptora and 
5-HT receptors 





n 


Inhibition % 


BRL 37344 6 W 


6 


6.7±3.7 


SR 58611A 6 «M 


6 


22.2 ±5.3 


ZD 2079 60 m 


6 


12.0±6.7 


CL 316243 60 


6 


11.3±3.3 


SR 59230A 6 


6 


I6.3±4.5 


Histamine 1 ihm 


6 


25.1 ±4.9 


Atropine 1 /m 


8 


25.5±9.0 


PhentoJamine 10 


6 


I0.0±3.9 


5 HT 100 pin 


6 


7.4±4.2 


SB 207710 10 nM 


6 


17.9±U.l 



* "Putative ^-adrenoceptor* binding performed in the 
presence of (-^propranolol 500 nM. Shown are percentage 
inhibition values obtained from n individual experiments 
expressed as mean±s.e.raean. 



or with (-)-adrenaline using the selective /^-adrenoceptor 
antagonist CGP 207 12A (Kauraahn, 1986). 

We then set up separate saturation radioligand binding 
assays, one for ft- and /^-adrenoceptors and another for the 
low affinity receptor population. For ft- and /^-adrenoceptor 
binding sites, non specific binding was determined with 500 nM 
(-)-propranolol. There was good agreement between the two 
methods for the determination of ft- and ft-adrenoceptor 
density (2&9 and 30.1 fmol nig" 1 protein) and affinity of (-)- 
pH]-CGP 12177A ipKi> 9.4 both assays). For the low affinity 
binding site, a saturation binding assay was designed with 
500 nw (-)-propranolol to block ft- and ft-adrenoceptors 
and 20 paa. (-)-CGP f2177A to define non-specific binding. 
Again there was good agreement between B rai « and pAT D values 
(B„»x, 47.7 and 50.8 fmol mg~ ! protein; pKt> 7.5 and 7.6), 
These studies show the presence of a low affinity site in 
addition to ft- and ft-adrenoceptor binding sites. 
. We then determined whether the low affinity binding site 
was the 'putative ft-adrenoceptor* binding site. 



a b 
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Figure 6 Mean competition binding curves between (-H 3 H]-CGP 12177A and the catecholamines, (a) (^-noradrenaline, (b) 
(-^adrenaline, (c) (-)-isoprenaline ((->Iso) and (+)-isopreuaHne ((+>Iso) and (d) (-)-R0363 at 0, -adrenoceptor binding sites 
in the presence of the selective ^-adrenoceptor antagonist 50 nM IC1 118,551 (open symbols) and 'putative ^-adrenoceptor* binding 
sites (solid symbols). Vertical lines show s.e. mean. 
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Figure 7 Effect of GTP on binding at ft -adrenoceptor binding sites 
(0 U in the presence of the selective /^-adrenoceptor antagonist 50 nM 
ICI 118,551) and at the *putative ^-adrenoceptor* (ft)* Competition 
binding experiments were performed between (— )-[ ? H3*CGP 12177A 
and (-Hsoprenaline <a) and (~>CGP 12177A (b) m the absence or 
presence of GTP, 0.1 mM. Competition binding isotherms for (-)- 
isoprenaline in the absence of GTP at j? r adreno captors, and for (-)- 
isoprenaline in the absence and presence of GTP at 'putative #r 
adrenoceptors* were fitted to a two state affinity model. 



Non-conventional partial agonists 

The affinities of non-conventional partial agonists were closely 
similar to potencies determined from organ bath studies. The 
affinity of (~)-CGP 12177A determined from saturation (7.5 - 
7,6) and competition binding experiments (7.3) was similar to its 
pECso value in rat left (7.5) and right (7.3) atrium (Kaumann & 
Molenaar, 1996). The affinity of (±)-cyanopindoJol (7.6) was 
also similar to its pEC 30 value in rat left (7.1) and right (7.7) 
atrium (Kaumann & Molenaar, 1996), Similar comparisons are 
also valid for (-)-pindolol (p^i 6.6, pEC w guinea-pig right 
atrium 7.0, Walter et al, 1984) and (±>carazolo! (p/fi 7.2, 
pECsp rat right atrium 7.0, Kaumann et al. t 1 $79). The affinity of 
( -)-bupranolol (6.6) was also similar to its affinity in rat atriurri 
(pK_ 6.4-6.8, Kaumann & Molenaar, 1996). These results 
indicate similarity of the functional receptor and binding site. 

Lack of activity of ligands from other receptor classes 

(-)-pHJ-CGP 12I77A has also been used as a radioligand for 
^-adrenoceptor binding sites in murine 3T3-F442A adipocytes 
and human /^-adrenoceptors expressed in Chinese hamster 
ovary cells (Feve et al, 1991), rat brown P'AJIaire et al, 1995) 
and white adipocytes (Germack et al, 1997). In these studies 



the affinities of (-M 3 H)-CGP 12177A ranged from 23-80 nM. 
Therefore we determined whether the /^-adrenoceptor 
agonists, BRL 37344 (6 m\ ZD 2079 (60 jim) SR 58611 A 
(6 /*M) and CL 316243 (60 m) and the antagonist SR 59230A 
(6 pM) competed for (~)-pH]-CGP 121 77A binding in rat 
atrium. The affinities (p# D ) of BRL 37344 range from 6.6-7.1 
on the rat cloned /^-adrenoceptor (Muzzin et al., 1991 ; Liggett, 
1992; Dolan et al., 1994), CL 316243, 6.0 on rat cloned 0 r 
adrenoceptor (Dolan et al, 1994) and SR 5861 1 A 5.2 at the 
human and 5.9 at the murine cloned ^-adrenoceptor (Blin et 
al n 1994). These agonists did not compete for binding with 
(_)-[*H]-CGP 12177A in rat atrium. The antagonist SR 
59230A, has an affinity (p/Q of 6.3-7.5 on Tat colonic ft- 
adrenoceptors (Kaumann & Molenaar, 1996) but also did not 
compete for (-M 3 H3-CGP 12177A binding in rat atrium. 
These studies are in line with our previous functional studies 
(Kaumann & Molenaar, 1996), in which we showed that the 
/^-adrenoceptor agonists did not affect basal contractile 
activity (left atrium) or sinoatrial rate (right atrium) and nor 
did they modify the cardiostimulant effects of (-)-CGP 
I2177A. We also determined the affinity of SR 59230A to be 
(pK B ) 5.3-5.4 for the 'putative ^-adrenoceptor* in rat right 
and left atrium which is lower than at /^-adrenoceptors 
(Kaumann & Molenaar, 1996). Our radioligand binding 
studies support the conclusion made from previous studies 
(Kaumann & Molenaar, 1996; Malinowska & Schlicker, 1996) 
that the receptor mediating cardiostimulant effects of CGP 
121 77 A in rat is not a ^-adrenoceptor. 

Further specificity of (-)-pH]-CGP 12177A binding was 
tested with compounds which are active at histamine, 
muscarinic, cc-adrenoceptors and 5-HT receptors. The affinity 
values of histamine for H r and Hi-receptors in guinea-pig left 
atrium, determined from competition binding experiments 
with pHJ-mepyramine (H r ) were (pJQ 4.8 and M-tiotidine 
(H 2 -) 5.1, respectively (Hattori et at., 1991). Atropine has an 
affinity (pJQ of 8.9 for rat atrial M*-receptors, determined in 
competition binding experiments with pHJ-N-methyl scopola- 
mine (Doods et al, 1987). Phentolamine has affinities (ptfj) of 
8.2, 7.2 and 7.5 for «,„- a tb - and a ld -receptors (Michel ei al, 
1995). 5-Hydroxytryptamine (5-HT) has an affinity (pJQ of 6.6 
and SB 207710 (9.5) for piglet right atrial 5-HT 4 receptors 
(Kaumann et al, 1995a) determined in radioligand binding 
experiments with [ ,25 1]-SB 207710. Our studies showed that 
(~)-pHJ-CGP 12I77A does not label histamine, muscarinic, a- 
adrenoceptors or 5-HT receptors in rat atrium. 

Interaction of catecholamines with the 'putative 
^adrenoceptor' 

We had previously observed that positive inotropic eifects of 
the catecholamine (— )-R0363 in human right atrium in vitro 
were partially resistant to blockade by (-)-CGP 20712A 
(Molenaar et al., 1997). We ruled out stimulation of co-existing 
/^-adrenoceptors and suggested that it also stimulated the 
'putative /^-adrenoceptor 1 (Molenaar et al, 1997). Wheeldon 
et al. (1993) also provided evidence that (-)-isoprenaline 
could cause inotropic and lusitropic effects in human 
myocardium in vivo by stimulation of an atypical /?- 
adrenoceptor. The atypical. /J-adrenoceptor effects of (-)- 
isoprenaline were observed in the presence of atenolol 25 rag 
(p,o.), a concentration that attenuates (-)-isoprenaline- 
induced increases in heart rate (^-adrenoceptor) and nadolol 
5, 20 and 80 mg (p.o), concentrations, that attenuate (-)- 
isoprenaline-mediated increases in heart rate (^-adrenoceptor) 
and postural finger tremor (^adrenoceptor). Wheeldon et al 
(1993) described the receptor as a ^-adrenoceptor, but this is 
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not the same receptor which causes cardiodepression in 
ventricular endomyocardial biopsies of cardiac transplant 
patients or patients undergoing open heart surgery (Gauthier 
et al, 1996). Wheeldon et at., (1993) provided further evidence 
for a cardiostimulant atypical ^adrenoceptor which we think 
corresponds to the 'putative /^-adrenoceptor*. 

We have shown that the endogenous catecholamines (-)- 
noradrenaline, (— )-adrenaline and synthetic catecholamines, 
(-)-R0363, (~)-and (+ >isoprenalinehind to the 'putative J? 4 - 
adrenoceptor* in a stereoselective manner. Two affinity states of 
the receptor were observed for (— ^noradrenaline, (-)- 
adrenaline and (~-)-i$oprenaline. The high affinity state 
comprised 20-38% of the total population of receptors. These 
catecholamines had similar affinities for the high affinity state • 
(pK m 6.2-6,5) and also for the low arftnity state of the 'putative 
^adrenoceptors' (pK lt , 2.9-3.5). The affinities of catechola- 
mines at the low affinity state of the receptor were slightly 
higher than those at native ft- adrenoceptors of rat adipocytes 
(Germack et a!,, 1997). Furthermore, the overall affinity of (-)- 
R0363 was higher at the rat atrial 'putative ^-adrenoceptor* 
(pATj 5.5) than at the human cloned ^-adrenoceptor (pKi 4.5, 
Molenaar et al, 1997). These small but consistent differences 
further appear to differentiate the 'putative ^-adrenoceptor 1 
from the ^-adrenoceptor. The functional significance of the 
high and low affinity binding, sites remains to be determined. 

Comparison between binding at 'putative fa 
adrenoceptor' and fa adrenoceptor binding sites 

We included 500 nM (-)-propranoloI hi the 'putative fa 
adrenoceptor* binding assay to block co-existing fa and fa 
adrenoceptor sites. In order to validate further binding to the 
'putative ^-adrenoceptor' and to ensure that it did not 
represent binding to /J] -adrenoceptor binding sites, we also 
estimated the affinities of non-conventional partial agonists 
and catecholamines at /^-adrenoceptors. Affinities for all 
compounds tested were higher at the /^-adrenoceptor than at 
the 'putative /^-adrenoceptor*. However, the difference 
between pK t values at ft- and 'putative ft- adrenoceptor* (pKi 
ft — pKi 'putative ft-adrenoceptor*) were not consistent and 
ranged from 1.6-3.6 log units (Table 1). This indicates that 
'putative ft-adrenoceptor* binding cannot be interpreted as ft- 
adrenoceptor binding shifted to the right by (-^propranolol. 
If this were the case, one would expect the same difference 
between (pK x ft-~ pJP t 'putative ft-adrenoceptor*), regardless 
of ligand affinity. 



Agonist binding at ft- and ft-adrenoceptor subtypes is 
sensitive to guanine nucleotides. In the absence of guanine 
nucleotides, the receptor binding site exists in high and low 
affinity states and in their presence, the high affinity state is 
converted to the low affinity state (Lefkowitz et al. t 1 976; 1 98 1; 
Maguire el al, 1976; Kaumann et al, 1995b). We also showed 
that inclusion of GTP stabilized the low affinity state of the ft- 
adrenoceptor for the agonist (-)-isoprenaline. In this assay at 
^-adrenoceptors, (~)-pH]-COP 12177A is an antagonist. At 
'putative /^-adrenoceptors', GTP had no effect on agonist 
binding with (-)-isoprenaline and (-)-CGP 12177A. It is 
important to realize that the radioligand, (-VpHJ-CGP 
121 77 A is an agonist at the 'putative ft-adrenoceptor* and 
we do not know whether a high or low affinity receptor state is 
stabilized at the concentrations used for competition binding 
with cold ligands. Therefore, the effects of GTP on agonist 
binding cannot be strictly compared between ft-adrenoceptors 
and the 'putative ft-adrenoceptor*. Further clarification of the 
effects of guanine nucleotides on agonist binding at the 
'putative ft-adrenoceptor' will be possible with the develop- 
ment of an antagonist radioligand. 

Conclusions and future prospects 

This study has established and validated a radioligand binding 
assay for the cardiac atypical ^-adrenoceptor. The stereo- 
selective catecholarmne binding profile and difference from ft-, 
ft- and ft-adrenoceptors indicate that the atypical ft 
adrenoceptor is novel. We designate this receptor provisionally 
as 'putative ft-adrenoceptor*. However, we await the cloning 
of the receptor for a formal classification of it. We are 
currently using this radioligand binding assay in human right 
atrium, where we have also obtained functional evidence for 
the existence of the 'putative ft-adrenoceptor* (Kaumann, 
1996; 1997; Kaumann 3c Molenaar, 1996; Sarsero et al % 
1996a;b; Kaumann et al., 1997; Molenaar et al., 1997). We are 
also planning quantitative receptor autoradiography studies to 
determine the density and distribution of 'putative ft- 
adrenoceptors' in discrete regions such as rat and human 
sinoatrial node> 
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ABSTRACT 

Objective: To evaluate the gastroprotective effects of p 3 -adrenoceptor agonists CCP 121 77 A and 
SR 58611 A, on water immersion plus restraint stress (WIRS)-induced gastric ulceration in rats. 
Material and Methods: Drugs were administered (5, 10 and 15 mg/kg, p.o.) 30 min prior to the 
ulcerogenic procedure. Ulcer index and the score for intensity of intraluminal bleeding were 
determined. Gastric wall mucus content (CWMC) and mast cell counts were determined in the 
glandular portion of the stomach. 

Results: A dose-dependent reduction in the ulcer index was observed with both the drugs, A 
significant rise in the GWMC in the glandular tissue at 15 mg/kg dose was caused by the p 3 - 
adrenoceptors agonists. In the glandular tissue the mast cell count was significantly decreased at 
1 0 and 1 5 mg/kg dose with both drugs. 

Conclusion: The present study shows the gastroprotective effect of p 3 -adrenoceptor agonists CGP 
12177A and SR 5861 1 A against WIRS-induced gastric ulceration in rats. The gastroprotective 
effect may be mediated by the enhancement of mucin activity and the decrease in mast cell 
degranulation. 

KEYWORDS: CGP 12177A, SR 58611 A, & stimulants, stress ulcer, mucoprotectives 



Introduction 

Recent localization of P 3 -adrenoceptors using immunohis- 
tochemical studies has confirmed the presence of P 3 - 
adrenocepfcors in human vascuiar and non-vascular smooth 
muscles of the gastrointestinal tract. 1 The presence of p. r 
adrenoceptors has been well described in mast cells and 
basophils and the stimulation of these receptors results in the 
inhibition of immune-stimulated histamine release. 2 - 3 

Espluges et al 4 observed significant antiulcer activity with 
p-adrenergic drugs such as salbutamol, salmeterol and iso- 
prenaline against poiymixin-B-induced gastric ulcers involv- 
ing histamine release. However, propranolol could only par- 
tially antagonize the isoprenaline-induced inhibitory effect on 
histamine release. This shows that besides p 2 -adrenoceptor 
stimulation, these agonists inhibit histamine release through 
some additional mechanism other than beta-receptor stimu- 
lation. The involvement of P t -adrenoceptors in the histamine 
release mechanism was ruled out by these studies. Isoprena- 
line was reported to be as potent as SR 58611 A, a p 3 - 
adrenoceptor agonist, in stimulating ^-adrenoceptors in iso- 



lated rat colon. 5 p 3 -adrenoceptor agonists inhibit gastric ul- 
cer-induced by indomethacin, 5 - 6 pylorus ligation and ethanol 7 
in rats. 

Hence, this study was undertaken to evaluate the antiulcer 
effect of p 3 -adrenoceptor agonists on water immersion plus 
restraint stress (WIRS)- induced gastric ulcer in rats. The study 
was also directed towards the elucidation of the mechanism 
of the antiulcer activity of P 3 -adrenoceptor agonists. 



Wistar albino rats of either sex weighing 200-250 g were 
selected. Rats were fed with standard chow diet and water ad 
libitum till the end of the experimental period. Distributions of 
the animals in-group, sequence of trials and treatment as- 
pects were randomized. This experiment complied with the 
guidelines of our laboratory for animal experimentation. The 
Animal Ethics Committee of the institute cleared the experi- 
menteuj^crtoeets. 

pGPi 2 1 ll AXi ± H-(3-t-butylammo-2-hydroxy-propQxy) * 
benzimidazol-2-oneI and ^RbTJoTh^ (ethyl {(7S)-7-((2R)-2-(3~ 



Material and Methods 
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chLorophenyl)-2-hydroxyethylamino] 5,6,7,8-tetrahydro- 
napthalene-2-yloxy} acetate hydrochloride) were obtained as 
gift samples from Novartis, Switzerland and Sanofi Recher- 
che, FVance respectively. Drugs dissolved in distilled water were 
administered orally to rats in doses of 5, 10 and 15 mg/kg. 
Saline treated (0.5 ml/100 g, p.o) rats served as controls. The 
dose of (^-adrenoceptor agonists were selected on the basis 
of ED 50 values of BRL 35135, a [^-adrenoceptor agonist on 
indomethacin-induced ulceration and total acid- output in py- 
lorus-ligated rats. 5 

Water immersion plus restraint stress-induced gastric 
ulceration 

The method described by Tkkagi and Okabe 8 was employed 
with slight modification. Rats were fasted for 12 h, care being 
taken to avoid coprophagy. The rats were immobilized in a 
restrainer and subsequently they were immersed In water up 
to xiphoid process for 7 h. The temperature of the water was 
maintained at 24±T€. Drugs were given orally 30 min prior 
to the restraint procedure. After 7 h of immobilization and 
water immersion the animals were taken out and killed with 
high-dose anesthetic ether. The stomach was removed and the 
severity of intraluminal bleeding was examined and expressed 
as score for intensity (SI) of intraluminal bleeding according 
to the following scale: 0, no blood detectable; 1, thin blood 
follows the rugae; 2, thick blood follows the rugae; 3, thick 
blood follows the rugae with blood clots in certain areas; 4, 
extensive covering of the whole of mucosal surface with thick 
blood. y After wiping the blood, the ulcer index was determined 10 
and the stomach tissue was subjected to mast cell examina- 
tion and analysed for gastric wall mucus content (GWMC). 

Measurement of gastric wall mucus 

The modified procedure of Come et al u was used for the 
determination of gastric wall mucus. One half of the glandular 
portion of the stomach, opened along the greater curvature, 
was carefully separated from the rumenal part and transferred 
into 10 ml Alcian blue (8GX, Sigma) 0.1% (w/v) solution (Alcian 
blue was dissolved in 0.16 M sucrose buffered with sodium 
acetate 0.05 M, and finally adjusted to pH 5.8 with HGl IM). 
The tissue was stained for 2 h in Alcian blue solution; excess 
dye was removed by 2 successive rinses, soaking the tissue 
each time in 10 mi sucrose 0.25 M, first for 15 min and then 
for 45 min. Dye complexed with gastric wall mucus was then 
extracted with 10 ml magnesium chloride at 30 min intervals 
for 2 h. Four ml of the extract was shaken with an equal vol- 
ume of ether until an emulsion was formed. This was eentri- 
fuged at 3600 rpm for 10 min. Ether was pipetted out and 
discarded, and the concentration of Alcian blue was deter- 
mined in the aqueous layer. Color absorbance was recorded 
using a spectrophotometer (Shimadzu) at 598 nm, The quan- 
tity of Alcian blue extract per g wet glandular tissue was cal- 
culated from freshly prepared standard curves. 

Examination of mast celis 

Mast cells in the glandular mucosal layer were stained and 
measured by the method described by Cho and Ogle. 1 2 Follow- 
ing ulcer measurement, one half of the glandular stomach was 
fixed in freshly prepared lead acetate 4% (w/v) solution for 2 



days. The tissues were then dehydrated by 1 h immersion in 
each of progressively increasing concentrations of 70, 95 and 
100 % v/v ethanol, and cleared in xylene for 30 min. The speci- 
mens were immersed in melted paraffin at 60°C for 3 h, and 
finally embedded in paraffin block; 7 urn thick sections were 
made with an M 820" Spencer microtome and were transferred 
to slides, using the water floatation method. The sections were 
oven-dried at 60°C for 3 h before deparaffinisation with 3 
changes of xylene, hydrated by passing the sections at 2 min 
intervals through solutions of ethyl alcohol 100, 100, 100, 95 
and 70% and finally water. Sections were then stained with an 
aqueous solution of 0.5% w/v toluidine blue for 0.5 min, dehy- 
drated through 3 changes of tertiary butanol over a period of 
1.5 min, cleared with xylene (3 changes over 3 min) and 
mounted in di-phenyl xylol (DPX). The mast cell count was 
expressed as the number of granulated metachromatically 
stained cells seen in 42 adjacent oil immersion fields (o.i.f., 
magnification lOOx) covering an area of 1 mm 2 . Cells that were 
partially stained [i.e., partly degranulated) were also counted. 

Statistical analysis 

The results were expressed as mean ± SEM and analyzed 
for statistical significance by the two-tailed Student's test 
and by one-way ANOVA followed by Dunnett's test, P values 
< 0.05 were considered significant. The ED 50 values for anti- 
ulcer activity (ulcer index) were calculated using ED 50 plus vl .0 
software. 

Results 

Severe hemorrhagic gastric glandular mucosal ulcers were 
observed In stress-induced control animals (Table 1). Signifi- 
cant change in the ulcer index, GWMC and mast ceil count 
were observed In WIRS-stress as compared with non-stressed 
controls (Table 1). 

Both the p 3 -adrenoceptor agonists (CGP 12177A and SR 
58611 A) reduced the ulcer index in a dose-dependent manner 
(10 and 15 mg/kg, Table 2). ED 50 values for antiulcer activity 
(ulcer index) of CGP 12177A and SR 58611 A in WIRS- induced 
gastric ulcer model were found to be 10.25 and 10.48 mg/kg 
respectively. 

Gastric wall mucus content was significantly higher in the 
CGP 121 77A and SR 5861 1A treated group at 15 mg/kg dose 
as compared to controls. At 10 and 15 mg/kg doses, a signifi- 
cant rise in the mast cell count was observed with both the 
compounds (Table 2). 

Discussion 

The experimental stress ulcer may be considered equiva- 
lent to clinical stress ulcer which occurs after surgery, head 
injury or shock. An acute gastric hemorrhagic lesion in the 
glandular stomach characterizes a stress ulcer. 13 The present 
study shows anti-ulcer activity of [^-adrenoceptor agonists 
(CGP 12 1 77 A arid SR 5861 1 A) which was evident from a sig- 
nificant decrease in the ulcer Index at 10 and 15 mg/kg doses 
in a WIRS-induced gastric ulcer model. 

The centrally-induced vascular disturbance of mucosal 
capillaries is being implicated in restraint-induced gastric 
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Table 1 

Effect of water immersion plus restraint stress (WIRS) on ulcer index, gastric wall mucus content (GWMC) and mucosal mast cell 
count in rats 



Group 


Ulcer index 


GWMC (mg Afcian blue/ g wt. of glandular tissue) 


Mast cell counts per 42 o.l.f. 


No stress 


0.02 ± 0.02 


1.85 ± 0.14 


74.13 ± 5.04 


WIRS- stress 


1.42 ± 0.22* 


0.48 ± 0.07* 


23.38 ± 3.14* 



*P<0.001 when compared with the No stress group (Student's 7' test). The values are mean & SBM, n = 8 In each group. 



Table 2 



Effect of CGP 12177A and SR 58611 A on WIRS-induced gastric ulceration in rats 



Pretreatment (p.o.) 


Dose (mg/kg) 




Ulcer index 


GWMC (mg Alcian blue/ 


Mast cell counts 


SI of intraluminal 










g wt. of glandular tissue) 


42 (o.l.f.) 


bleeding 


Control 


Saline 0.5 ml/100 g 




1.42 ± 0.22 


0.48 ± 0.07 


23.38 ± 3.05 


2.13 ±0.29 


CGP 121 77A 


5 




0.92 ± 0.13 


0.58 ± 0.07 


35.38 ± 3.20 


1,63 ± 0.26 


CGP 121 77A 


10 




0.69 + 0.12* 


0.68 ± 0.08 


49.25 ± 2.96* 


1.50 ±0.-19 


CGP 12177A 


15 




0.48 ± 0.10* 


0.89 ± 0.07* 


59.50 ± 3.26* 


1.50 ±0.19 


SR 58611A 


5 




0.99 ± 0.15 


0.62 ± 0.09 


36.25 ± 3.70 


1.50 ± 0.27 


SR 58611A 


10 




0.68 ± 0.11* 


0.75 ± 0.08 


51.88 ± 3.32* 


1.75 ± 0.25 


SR 58611A 


15 




0.49 ± 0.10* 


1.07 ± 0.10* 


56.50 ± 4.28* 


1.50 ±0.19 


One-way ANOVA 




F 


5.95 


5.89 


14.86 








df 


6.49 


6,49 


6,49 








P 


<0.05 


<0.05 


<0.05 





*P < 0. 05 when compared with the controJ group (Dunne Its test). The values are mean ± SEM. n~8 in each group. 



bleeding 13 , p ^adrenoceptor agonists can cause enhancement 
in antral gastric mucosal blood flow (GMBF) in rats. 5 The In- 
significant decrease in score of intensity of intraluminal bleed- 
ing caused by (^-adrenoceptor agonists in the present study 
can be partly attributed to their ability to enhance antral GMBE 
The specific pathophysiologic mechanism Involved in stress- 
induced ulcers could be ultimate multifactorial impairment of 
mucosal defense system. An increase in gastric acid secre- 
tion, reduction of gastric mucus and alteration in the microv- 
asculature of the gastric mucosa play a major role in the 
pathogenesis of stress- induced ulcers. 1415 Our earlier study 
has shown that the mechanism of the anti-ulcer action of p 3 - 
adrenoceptor agonists in the pylorus ligation model is partly 
attributed to a decrease in acid secretion, p -adrenoceptor 
agonists are known to inhibit the release of histamine. 2 Hista- 
mine has been known to induce gastric acid secretion mainly 
through H 2 - receptor activation. 16 Gastrln-stimulated and 
cholineigicaily-mediated acid secretions require a background 
release of histamine from mast cells for their maximal effects. 
Thus any agent that reduces the release of histamine from 
mast ceils should suppress acid secretion. 17 Therefore, the 
effect of ^-adrenoceptor agonists on mucin activity and mast 
ceil counts was also studied in the present study. In the WIRS- 
induced gastric ulcer model, enhanced mucin activity (GWMC) 
and increase in mast cell counts (Le., decrease In mast cell 
degranulation) caused by CGP 12177A and SR 58611 A may 
explain the antiulcer action of (^-adrenoceptor agonists. 
In conclusion, our study shows significant gastroprotective 



activity of p 3 -adrenoceptor agonists against WIRS-induced 
gastric ulcer model. The mechanism for antiulcer action is at- 
tributed to the enhancement of mucin activity and a decrease 
in mast cell degranulation. 
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Abstracts The 3-pyridylethanolannne L-757 J93 is a potent 03 AR agonist (EC50 6.3 11M, 70% activation) 
with 1,300- and 500-fold selectivity over binding to the 0i and 02 ARs, respectively, L-757,793 stimulated 
lipolysis in rhesus monkeys <BD$o 0.2 mgflcg) with a maximum response equivalent to that elicited by 
isoproterenol. © I99B Elsevier Science Ltd. All rights reserved. 

03 Adrenergic receptor agonists (AR) ate potential anti-obesity drugs. 2 These agents activate specific 
receptors, located on the surface of adipocytes, causing stimulation of lipolysis and an increase in metabolic 
rate* A number of different structural classes of 0 3 AR agonists have been disclosed. 3 The arylethanolamine 
BRL 37344 (1) was one of the first fe AR agonists to be discovered. In rats, BRL 37344 is a potent, selective 
03 AR agonist and was used to identify the P3 AR in rat brown adipocytes. 4 Subsequently, cloning and 
expression of the human and rat P3 ARs indicated differences in their pharmacological properties. 5 In human 
AR assays performed here at Merck, BR 37344 is a weak 03 partial agonist (03 EC50 450 nM, 23% activation) 
with 0t and 02 AR binding affinities of 5,000 and 3,000 nM, respectively. 6 




ci 



1 BRL. 37344 



CH*CQ*H HO' 



2 L-765,607 



rjiH 

SO* 




a* 3a H 1 ■.H,H 2 «e*y*cr<uy1 
S&R'-Cl.tf-afcylofajYl 



4 U748.S72 



Recent publications from Merck describe a number of aryloxyproparrolamines. 7 " 10 Aryioxypropanol- 
L-755,507 (2) is a nighty potent human 03 AR agonist (03 EC50 nM, 52% activation) with greater 
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than 400-fold selectivity over binding to the ft and fe ARs, respectively A 9 The sulfonamide moiety present id 
L-755,507 and related compounds imparts significant potency and selectivity for the human AR. 7 We 
decided to investigate whether incorporation of a sulfonamide moiety into the arylethanolamines would have a 
similar effect 11 

Series of phenethanolamines 3a and the 3-chloro analogs 3b were synthesized and their biological 
profiles examined. 12 These compounds exhibited minimal 33 AR agonist activity (data not shown). 
Modification of the aryloxy group present in the L-755,507 series led to the discovery of 
3-pyridyloxyproi^olainine L-749,372 (4JJ0 L-749,372 is a £3 AR partial agonist (EC50 3.6 nM, 33% 
activation) with 270- and 30-fold selectivity over binding to the and ARs, respectively. In view of the 
biological profile of L-749,372, we prepared a series of 3-pyridylethanoIamines 5, The synthesis of these 
compounds is illustrated in the Scheme. 13 



Sc&eme. Asymmetric Synthesis of 3-Pyridylethaiwlammes 




79% _ /V\ _J2* , ^^Xk 




OH 




McLMUBr II J Brjf j J flr OS? 43 ' JL^ Br 

«»|sag5 

10 l.MeOH.» 3 N.I2h,A 
3NN»OliB«)H» 2. BoeiO.THF 

JC V ✓OCR 

11 * 

Reaction of o^Moronicotinic acid with methyllithium lithium bromide complex gave the methyl ketone 
6M The methyl ketone 6 was treated with bromobarbituric acid in refluxing tetrabydrofunra (THF) to afford 
the bromoketone 7, tn the absence of the chloro substituent, the bromoketone was unstable. Asymmetric 
reduction with {-)4)IP-Cnloride ,IM [(-J^Uorodilsopmocampheylborane] provided the bromohydrin .8 that 
was converted to the epoxide 9 wiw base. 15 Epoxide opening with p-nitrophenethylamine hydrochloride 
followed by protection of (he resultant secondary amine with di-fer^butyldicarbonatc gave the protected 
ethanolarnlne If. Epoxide opening with j^mtrophctteihylaniios rather than p-ammopheriethylamine produced 
an improved yield and precluded a selective protection step^ Concomitant dechlorination and reduction of the 
nitrobenzene to aniline were effected by hydrogenation under basic conditions using Raney® nickel as catalyst. 
Arnline 11 was suifonylated with the appropriate sulfonyl chloride 16 then deprotected with tritluoroacetic acid 
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(TFA) to afford the desired 3-pyridyleliianolamiDW 5. In vitro data for these compounds is shown in Tables 1 
rod 2. 

Table 1. Comparison of the fa AR Agonist Activity and ft and ft* Binding Affinity for Sulfonamides 5H 

3H 



eft 







P 3 EC50, nM 


Pi Binding 


p2 Binding 


Compound 


R* 




ICso,nM b 


"SHr-» 


5a 


Me 


or 


7.000 


10,000 


5b 


isoPro 


ar 


100,000 


50,000 


5c 


(CH2>2Ph 


(12)' 


100,000 


.8,000 


5d 


Ph 


160(55) 


20,000 


8,000 


5e 


2-Naphthyl 


38 (78) 


10,000 


1,000 


5f 


3-QukoJuiyl 


(26)« 


100.000 


1,000 


5g 


4-isoPro-Ph 


56(65) 


30,000 


6,000 


5h 


4-Cl-Ph 


49(70) 


30,000 


10,000 


Si 


4-Br-Ph 


77(65) 


10,000 


5,000 


5J 


4-i-pn 


56(86} 


10,000 


7,000 



■Adeaylyl cyclase activation given as % of the maximal stimulation with isoproterenol; single point data am reported in parentheses a 
{% activation 9 concentration in nM). ^Receptor WmUng assays were carried out with membranes prepared from CHO cells 
expressing lbe cloned human receptor in the presence of 1M I-i(iAx^opiodolol. c SingI© point oala, % activation at 100 nM. 

The methyl-, isopropyl-, and phenethylsulfonamides, 5a, 5b, and 5c, respectively, were essentially 
inactive in the human £3 AR assay; however, the benzcnesulfonamide 5d exhibited modest potency and 
erncaey. Replacement of the phenyl group by a 2-naphthyl moiety led to a 4-fold improvement in potency. 
A significant loss in activity was observed with the 3H^iinolinylsidfonamide 5f. Earlier SAR studies in the 
phenoxyproj^lamine series indicated that substitution at the para position of the phenyl ring over the ortho 
and raeta sites was generally the most preferred for potency enhancement. 7 A number of 4-substituted 
ben^esulfrmamides were prepared and tested. The 4~halo~ and 4-isopiopylberi2«ne5uifonarmdes 5g-i were all 
2- to 3-fold more potent than the pare&t compound 5d. These ^substituted benzenesulfonamiocs were all at 
least 100-fbld selective (with the exception of the 4-brorao analog, 65-fold selective over binding) for 
AR agonist potency over p 3 and binding affinity. The ability of these compounds to activate the Pi and 
ARs was low (less than 35% activation at 10 pM). 

Next w examined a series of 4-ureidorjem«rieaulm 5fc-o (Table 2). Increasing the lengm of the 

alky 1 chain led to enhanced AR agonist potency. The phemrfhyl analog 5o (fe EC50 * -6 nM, 55% activation) 
was equipotent with the octyl urea 5n. The analogous carbamates 5p~r and amides 5s~u were synthesized and 
tested. In all cases, these compounds were found to have EC50 values less than or equal to their respective 
urea analogs; however, potencies were usually eimanced with increasingly lipophilic groups as was observed in 
the urea series. The ureas and amides generally exhibited good selectivity for p 3 AR agonist activity over 
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binding to the pi and 02 ARs. The carbamates were less selective. In particular, the «-hexyI- and 
phenemylcarbamates 5q and $r were only 14- and 12-fold selective over binding to the 02 A& The and fa 
AR efficacies for these ureas, carbamate* and amides were low. The hexylurea Sm was a weak partial agonist 
for the ft AR (EC50 7300 nM, 31% activation), and at I uM was inactive at the fo AR. This highly selective 
p 3 AR agdnist, 1^757,793 has an EC50 value of 6,3 nM (70% activation) and binds to the fe AR with an IC50 
value of 44 nM. 



Table 2, Comparison of the ft AR Agonist Activity and ft and Binding AfiSnity for Sulfonamides 5k-U 



Compound 


X 


R* 


foECso,nM 


01 Binding 
ICscnM* 


fe Binding 
!C^,nM b 


5k 


NH 


Me 


100(63) 


2,000 


8,000 


51 


NH ■ 


nPro 


68(33) 


2,000 


8,000 


5m 


NH 


nHex 


6.3(70) 


8,000 


3,000 


5n 


NH 


nOct 


1.4(60) 


970 


410 


5o 


NH 


(CH2>2Ph 


1.6(55) 


160 


200 


5p 


O 


nPro 


150(65) 


60,000 


10,000 


5q 


O 


nHex 


27(70) 


2,000 


380 


5r 


O 


(CH2)aPh 


67(68) 


7,000 


820 


5s 


CH 2 


nPro 


67(72) 


60,000 


9,000 


5t 


CH 2 


nHex 


18(81) 


8,000 


10,000 


5n 


CH 2 




18 (53) 


10,000 


2,000 



*AdcoyiyI cyclase activation given ws % of the maximal stimulation with isoproterenol. D Receptor binding assays were carried out 
wfth membranes prepared ftom CHO cells expressing ihe cloned hvmxa receptor in tbe presence of l25 l-iodocyanopuidoJol. 



The urea L-757,793 5m was examined in a rising dose study in anesthetized rhesus monkeys. 17 
t-757,793 was given by bolus injection at 1 5 minute intervals, k-757,793 elicited hyperglycerolemia (ED50 0.2 
jttgteg) with a maximum response equivalent to that of isoproterenol No significant heart rate effects were seen 
up to tbe maximum dose tested (1 rag/kg). 

When L-757.793 was administered orally (10 mg/kg) to dogs, no serum glycerol response was 
recorded* Plasma concentrations of L-757,793 were Ices than 10 nM. A large improvement was observed with 
the 4-iodophenyl compound 5J. Its oral bioavailability in dogs (dosed 10mg/kgpo,3 mg/kgiv)was51%.This 
data supports our earlier findings, in the phenoxypropanolamine series, 10 that the urea moiety is detrimental to 
oral absorption. 
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In conclusion, we have shown that the 3-pyridylethanolamine L-757,793 is a potent AR agonist 
(ECjo 6-3 nM) with 1,300- and 500-fbld selectivity over binding to the pj and fa ARs, respectively. Oral 
bioavailability of was poor, however, the impressive oral bioavailability (51%) of the 

4-iodobenzenesxOfonamlde suggests that modification of the substkueats on the benzenesulfonamide moiety 
has the potential to produce a compound with the desirable biological profile of L-757,793, and the 
pharmacokinetic properties necessary for an oral therapeutic agent Work in this area is ongoing and will be 
published In due course. 
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The mechanism by which the specific 0 a -adrenoceptor 
agonist AJ-9677 relieves insulin resistance in vivo was 
investigated by studying its effects in the white and 
brown adipose tissues of the KK-A*7T5a diabetic obese 
mouse model. AJ-9677 reduced the total weight of white 
adipose tissues by reducing the size of the adipocytes, 
an effect associated with the normalization of tumor 
necrosis factor-a (TNF-a) and leptin expression levels. 
The levels of uncoupling protein (UCIO-1 mRNA in 
brown adipose tissue were increased threefold. AJ-9677 
caused a marked increase (20- to 80-fold) in the expres- 
sion of UCP-1 in white adipose tissues. The levels of 
UCP-2 mRNA were increased in both the white and 
brown adipose tissues of diabetic obese mice, and AJ- 
9677 further upregulated UCF-2 mRNA levels in brown 
adipose tissue, but reduced its levels in white adipose 
tissue. UCF-3 mRNA levels were not essentially changed 
by AJ-9677. However, AJ-9677 significantly (two- to four- 
fold) upregulated the GUJT4 mRNA and protein levels 
in white and brown adipose tissues and the gastrocne- 
mius. The generation of small adipocytes, presumably 
mediated by increased expression of UCP-1 in addition 
to increased lipolysis in response to AJ-9677, was asso- 
ciated with decreased TNF-a and free fatty acid pro- 
duction and may be the mechanism of amelioration of 
insulin resistance in KK-A'VTa diabetic obese mice. Dia- 
betes 50:113-122, 2001 



The 3 3 -adrenoceptor was suspected to exist more 
than 15 years ago (1), and it is now known to be 
present in both rodent and human tissues. The 
human ^-adrenoceptor was cloned and sequenced 
in 1989 (2). The characteristics of the ^-adrenoceptor are 
quite different from those of 3 r and pg-adrertoceptors. The 
(Vadrenoeeptor is expressed mainly in the white and brown 
adipose tissues (3), and it is important in lipolysis and ther- 
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mogenesis in rodents (4). The (^-adrenoceptor agonist BRL 
26830A stimulates lipolysis in adipose tissues, and chronic 
treatment with an adequate dose of BRL 26830A has decreased 
body weight without reducing food intake (5). This weight 
loss was caused by the stimulation of energy expenditure and 
increased lipolysis (6). The effects of the (^-adrenoceptor on 
thermogenesis are believed to occur through activation and 
upregulation of uncoupling protein (UCP>1, which is mainly 
expressed in brown adipose tissues. For example, chronic 
treatment of yellow KK mice with the (^-adrenoceptor agonist 
CL 316,243 increased expression of UCP-1 mRNA in brown adi- 
pose tissues and induced UCP-1 mRNA in white adipose tis- 
sues, the gastrocnemius, and quadriceps muscles (7). Recently, 
UCP-2 and -3 were identified. UCP-2 is widely expressed in 
humans; UCP-2 mRNA has been detected in the adipose tissues, 
skeletal muscles, lungs, the heart, and kidneys (8,9). UCP-3 is 
expressed primarily in skeletal muscles in humans and in 
skeletal muscles and brown adipose tissues in rodents (10, 1 1). 
Regulation of the activation of UCP-2 and -3 may be different 
from that of UCP-1 (10,12,13), and these two proteins may be 
functionally involved in energy expenditure (8, 10). Therefore, 
the increased energy expenditure induced by 0 3 -adrenoceptor 
agonists in vivo may be mediated by UCP-2 and -3 in addition 
to UCP-1, especially in humans. 

pg-adrenoceptor agonists have antidiabetic and antiobesity 
effects in rodent models of type 2 diabetes (14-17), but the 
molecular mechanisms of these effects, especially the anti- 
diabetic effects, are largely unknown. Molecules secreted by 
hypertrophic adipocytes (e.g., tumor necrosis factor-a [TNF-a] 
and free fatty acids [FFAs]) may cause insulin resistance asso- 
ciated with obese type 2 diabetes. The expression levels of 
TNF-a in white adipose tissues are higher in diabetic obese mod- 
els than in normal animals, and both neutralization of 
TNF-a (18) and target disruption of me TNF-o/TNF-a receptor 

(19) have prevented the development of insulin resistance 
despite the presence of obesity. TNF-a appears to interfere 
with the insulin signal transduction pathway by inhibiting the 
insulin receptor tyrosine kinase and the tyrosine phosphoryla- 
tion of insulin receptor substrate- 1 (18). Moreover, FFAs cause 
insulin resistance in the skeletal muscles and liver via multiple 
mechanisms, including the inhibition of phospr^dVlinositol 
3-kinase activity associated with insulin receptor substrate-1 

(20) , which may cause inhibition of GLUT4 translocation and 
glycogen synthesis stimulated by insulin. The expression levels 
of leptin in white adipose tissues and the plasma levels secreted 
from adipocytes are higher in diabetic obese models. Admin- 
istration of leptin causes insulin sensitivity rather than insulin 
resistance (21). Leptin may be secreted from hypertrophic 
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adipocytes to compensate for the insulin resistance caused by 
obesity. In fact, some methods used to cause insulin resistance 
(e.g., lipid infusion and glucose infusion) were recently found 
to stimulate leptin gene expression (22). Thiazolidinediones 
improve insulin sensitivity in diabetic obese models. They 
increase the number of small white adipocytes and decrease 
the number of large adipocytes, thereby reducing expression 
levels of TNF-ot and plasma FFA concentrations (23). The reg- 
ulation of TNF-ol expression and FFA production in white adi- 
pose tissues may be closely involved in the antidiabetic effect 
of p 3 -adrenoceptor agonists. 

Many 3 3 -adrenoceptor agonists have been developed, but the 
early compounds did not show the expected effects in humans 
that were seen in mice and rats. After the cloning of the human 
^-adrenoceptor, differences between the structures of the rat 
and human receptors were clarified* AJ-9677 was screened with 
Chinese hamster ovary cells expressing either the human or the 
rat 03-adrenoceptor (24). We previously demonstrated that 
AJ-9677 could stimulate both rat and human p 3 -adrenoceptors 
(24). The present study investigated the effects on diabetes and 
obesity and the molecular mechanisms of AJ-9677 in the 
KK-AVTa diabetic obese mouse model. 

RESEARCH DESIGN AND METHODS 

Chemicals. AJ-9677 ([3-|(2JR)^I(2ie>(3^Woropheivl)-2-hyclro^ethyljainino] 
propyl}- lH-indol-7~yloxy]acetic acid), a specific py adrenoceptor agonist 
Oi : Pa r Pa " 1:2:210), was synthesized at Dainippon Pharmaceutical (Osaka, Japan). 
Animals and drug treatment. Male 9-week-old KK-A v /Ta and ll-week-old 
C57BL/6J mice were purchased from Clea Japan (Tokyo, Japan) and were 
allowed to adjust to the facilities and handling for 1 week before all experimental 
protocols. Under standardized conditions, the mice were given dry food (CE-2; 
Oriental Yeast, Tokyo) and water ad libitum. Mice were divided into control and 
treatment groups so that the mean body weight of the two groups was compa- 
rable 1 day before the starting day (day 1). The treatment group was given AJ- 
9677 by gavage at 0.01 mg/kg or 0.1 mg-'-kg-'-day"' in the morning for 14 days. 
The control group was given only 0.5% tragacanth solution. At 24 h after the last 
administration of AJ-9677, blood samples were collected from the cut ends of 
the tails and centrifuged to separate plasma. Blood samples from 12-week-old 
C67BL/6J mice were also collected by the same method. Forsome mice, the rec- 
tal temperature was measured after AJ-9677 administration. Some mice were 
killed by bleeding under anesthesia 20 h after the final administration of AJ-9677, 
Epididymal white adipose tissues, inguinal white adipose tissues, interscapular 
brown adipose tissues, and the gastrocnemius were removed and divided into 
segments for further studies. The same tissues from 12-week-old C67BL/6J 
mice were also removed. Some KK-AVTa mice were administered AJ-9677 
(0. 1 mg/kg) after 24-h fasting to observe the acute effect on lipolytic activity in 
vivo. Blood samples were collected 1 h after the administration. 
Oral glucose tolerance test and determination of plasma glucose, insulin, 
FFAs, and triglycerides. The oral glucose tolerance test (OGTT) was per- 
formed on day 15 after 24 h fasting. The mice received a 20% glucose solution 
(2 g/kg). Blood samples were collected just before and 0.5, 1, 2, and 3h after glu- 
cose loading. Plasma glucose and insulin levels were determined with a Glucose 
C-n Test from Wako Pure Chemical Industries (Osaka, Japan) and an insulin 
enzyme-linked immunosorbent assay (ELISA) from Shibayagi, (Gumma, Japan). 
FFAs were determined with a nonesterified fatty acid (NEFA) C-Test from 
Wako Pure Chemical Industries, and Triglycerides were detected with a Deter- 
miner triglyceride-S555 from Kyowa Medex Co. (Tokyo, Japan). 
Lipolytic activity in white adipocytes. White adipocytes were isolated 
from epididymal white adipose tissues of KK-AVTa mice by collagenase type 
II (Sigma Chemical, St Louis, MO) digestion according to the method described 
by Rodbell (25). Adipocytes were successively filtered through 1,000-, 600-, and 
200-um meshes and washed in Krebs-Ringer phosphate solution (pH 7.4) con- 
taining bovine serum albumin (4 g/100 ml) and glucose (1 mg/ml). Isolated 
adipocytes were suspended in Krebs-Ringer phosphate solution (pH 7.4) con- 
taming bovine serum albumin (1 g/100 ml), glucose (1 mg/ml), phenyliso- 
propyl adenosine (100 nmol/1), and adenosine deaminase (1 U/ml). Adipocytes 
(-2.6 x 10 5 cells/ml) were incubated with AJ-9677 or (-^-isoproterenol for 30 min 
at 37°C. The reaction was terminated with IN H 2 S0 4 and neutralized with IN 
NaOH. FFAs were determined with an NEFA C-Test (Wako Pure Chemical 
Industries). A quantity of the isolated adipocytes was mixed in chloroform- 
methanol (3:2), shaken vigorously, and centrifuged at 10,0000. The precipitate 



was dissolved in IN NaOH, and protein was determined with a bicinchoninic 
acid protein assay reagent (Pierce, IL). 

Expression of TNF-otand leptin. Measurements of TNF-a and leptin proteins 
secreted in isolated white adipose tissues (400-1,000 mg) were performed as 
described previously (26). Adipose tissues were minced into small pieces 
and incubated in a Krebs-Ringer phosphate solution (pH 7.4) containing en do- 
toxin-free bovine serum albumin (4 g/100 ml) and glucose (1 mg/ml) at 37°C 
with rotation (100 rpm). After a 2-h incubation, the incubation mixture was 
centrifuged and the supernatant collected. Concentrations of TNF-a and lep- 
tin proteins were determined with a mouse TNF-a ELISA system (Amersham 
Pharmacia Biotech U.K., Buckinghamshire, U.K.) and a mouse leptin ELISA 
kit (Morinaga Bioscience Institute, Yokohama, Japan). Total DNA was also iso- 
lated from the adipose tissues as described previously (27). 
Histological analysis. Small pieces of epididymal and inguinal white adipose tis- 
sues were removed and rinsed with saline. The tissues were fixed with 10% for- 
malin and embedded in paraffin. Tissue sections were cut at a thickness of 2.6 
um and stained with hematoxylin and eosin. To examine the size of the white 
adipocytes, the number of adipocytes was counted in five limited areas (7 X 
10" 5 mm 2 ) of each stained specimen. The mean value of the five areas was desig- 
nated as an index of the cell size (ie., a larger number means smaller size). In this 
analysis, the multilocular adipocytes were excluded. For immunohistochemistry, 
the paraffin-embedded sections were stained with anti-cytochrome oxidase anti- 
body (Molecular Probes, Eugene, OR). The signals were detected by a Vectastain 
avitin-biotin-peroxidase complex system with a diarninobenzidine substrate kit 
(Vector Laboratories, Burlingame, CA). For electron microscopic observations, the 
tissues were fixed with 2.5% glutaraldehyde and embedded in Epon 812. 
Triglycerides and DNA in adipose tisanes. The method for determining the 
triglyceride and DNA contents in the epididymal and inguinal white adipose tissues 
was slightly modified from the method described by Okuno et ai (23). Briefly, 50 mg 
adipose tissue was homogenized in 2 ml of a solution containing 150 mmol/1 
sodium chloride, 0.1%Triton X-100, and 10 mmol/1 Tris, pH 8.0, at 50 D C using apoly- 
tron homogenizer (NS-310E; Micro Tech Nichion, Chiba, Japan) for 1 min. The 
triglyceride content of this homogenized solution was determined by a Deter- 
miner triglyceride-S555 (Kyowa Medex). For DNA determination, the homogenized 
solution was mixed with SDS, proteinase K, and EDTA to final concentrations of 
0. 1%, 100 pgftnl, and 10 mmol/1, respectively. After a 12-16 h incubation at 37°C, the 
DNA was extracted by the phenol-chloroform extraction method. The DNA pel- 
lets were redissolved in a solution containing 20 pg/ml ribonuclease A, 1 mmol/1 
EDTA, and 10 mmol/1 Tris at pH 8.0. After 20 min of incubation at 37°C, the DNA 
was re-extracted by the phenol-chloroform extraction method. The DNA pellets 
were finally dissolved with TE buffer (10 mmol/1 Tris and 1 mmol/1 EDTA, pH 8.0). 
DNA content was calculated from the absorbance at 260 am, with the optical den- 
sity at 260 nm of 60 pgfanl DNA solution taken as equal to 1.0 by a Gene Quant 
RNA/DNA Calculator (Amersham Pharmacia Biotech, UK,). 
Expression of mRNAs by reverse transcription-competitive polymerase 
chain reaction. Extraction of total RNA from tissues was carried out by 
homogenizing 60 mg frozen tissue in 1 ml RNAzol B (Tel-Test, Friends wood, TX). 
RNA pellets were obtained from the homogenate by repeated extraction with 
chloroform and alcohol precipitation. The mRNA of TNF-a, leptin, GLUT4, and 
three different subtypes of UCP were quantitatively determined by the reverse 
transcription (RT)-competitive polymerase chain reaction (PCR) method 
described by Auboeuf and Vidal (28); however, the internal standard was pre- 
pared according to the method of Celi et al. (29). Table 1 lists both the sequences 
of primers used for internal standards and RT-competitive PCR and the sizes 
of each target fragment and competitor fragment generated by RT-competitive 
PCR. For construction of single-strand cDNA, 1 pg of total RNA was used with 
the Superscript preamplification system (Life Technologies, Gaithersburg, 
MD) using oligo(dT) 1SM8 as a primer. The internal standards (competitors) 
were prepared by PCR using template cDNA constructed with total RNA from 
epididymal white or interscapular brown adipose tissues and a specific set of 
oligonucleotides as primers (i.e., forward-short [S] and reverse) (Table 1). 
RT-competitive PCR was performed with a constant amount of target cDNA and 
four different amounts of the corresponding internal standard. The PCR con- 
ditions were 20-50 cycles of denaturation at 04 6 C for 15 s, annealing at 65 C C (or 
62°C for TNF-a) for 30 s, and extension at 72°C for 30 s. The number of cycles 
was selected to obtain a measurable amount of products depending on the con- 
tent of the target. The PCR products were subjected to agarose gel elec- 
trophoresis and ethidium bromide staining. After photographs were taken, 
the density of the DNA band was analyzed with the Kodak Digital Science 
Electrophoresis Documentation and Analysis System 120 (Eastman Kodak 
Company, Rochester, NY). The initial amount of the target was calculated 
from the plot of the density ratio of the competitor band to the target band ver- 
sus the initial amount of the competitor added in the PCR reaction. 
Western blot analysis of GLUT4. Crude and plasma membranes were pre- 
pared from frozen epididymal white adipose tissues using differential ultra- 
centrifugation as described by Simpson et ai. (36) and Kelada et al. (37). Proteins 
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TABLE 1 

Primers used for RT-competitive PGR 



Target molecules 



Sequences for primers 



Locations 



Product sizes (bp) References 



UCP-l 
Forward-L 
Forward-S 

Reverse 
UCP-2 

Forward-L 
Forward-S 

Reverse 
UCP-3 
Forward-L 
Forward-S 

Reverse 
Leptin 
Forward-L 
Forward-S 

Reverse 
TNF-ot 
Forward-L 
Forward-S 

Reverse 
GLUT4 
Forward-L 
Forward-S 

Reverse 
(3-actin (for 
noncoding region) 
Forward-L 
Forward-S 

Reverse 
fj-actin (for 
coding region) 
Forward-L 
Forward-S 

Reverse 



:5' AAA GCT TGT CAA CAC TTT GG 3' 
:5' AAA GCT TGT CAA CAC TTT GGT 

AAC ATA TGA CCT CAT G 3' 
:5' GTG GTA CAA TCC ACT GTC TG 3' 

:5' GAC CTA TGA CCT CAT CAA AGA 3' 
:5' GAC CTA TGA CCT CAT CAA AGA 
CCC TTG CCA CTT CAC TTC TG 3' 
:5' GGT GAC AAA CAT CAC TAC G 3' 

:5' AAG CCA TGA TAC GCC TGG GAA 3' 
:5' AAG CCA TGA TAC GCC TGG GAA 

GGC CCA ACA TCA CAA GA 3' 
:5' CTG AGC CAC CAT CTT CAG CAT 3' 

:5' GTT TTG GAG CAG TTT GGA TC 3' 
:5' GTT TTG GAG CAG TTT GGA TCC 

AGG TCA TAC CCT GTG GAG 3' 
:5' GCA TAT GGG AAG TTT CAC AA 3' 

:5' GGG ACA GTG ACC TGG ACT GT 3' 
:5' GGG ACA GTG ACC TGG ACT GTA 

GGT TGC CTC TGT CTC AGA A 3' 
:6' GCA GAG GTT CAG TGA TGT AG 3' 

:5' TAG AGC AGG AGG TGA AAC CC 3' 
:5' TAG AGC AGG AGG TGA AAC CCT 

CCT TTC CTC TAC AGC A 3' 
:5' TGC AGA CCC CTT CTC GAA AG 3' 



503-522, 
503-522, and 578-594 

901-920 

585-605, 
585-605, and 642-661 

852-870 

425-445, 
425-445, and 536-552 

766-786 

2,528-2,547, 
2,528-2,547, and 2,652-2,670 

3,030-3,049 

891—910 
891-910, and 1,009-1,028 

1,391-1,410 

2,066-2,085, 
2,066-2,085, and 2,172-2,188 

2,409-2,428 



:5' GGT TGG AGC AAA CAT CCC CC 3' 
:5' GGT TGG AGC AAA CAT CCC CCA 

AGT GGT TAC AGG AAG TCC C 3 f 
:6' TTG TGT AAG GTA AGG TGT GC 3' 



1,351-1,370, 
1,351-1,370, and 1,471-1,490 

1,791-1,810 



:5' CGT GGG CCG CCC TAG GCA CCA 3' 
:5' CGT GGG CCG CCC TAG GCA CCA 

ACT GGG ACG ACA TGG AG 3' 
:5' CTC TTT GAT GTC ACG CAC GAT 

TTC 3' 



102—122 
102-122, and 233-249 

619-642 



Target : 418 
Competitor : 363 



Target : 286 
Competitor : 250 



Target : 362 
Competitor : 272 



Target : 522 
Competitor : 418 



Target : 520 
Competitor : 422 



Target : 363 
Competitor : 277 



Target : 460 
Competitor : 360 



Target : 541 
Competitor: 431 



(30) 



(9) 



GenBank 
AF032902 



(32) 



(33) 



(34) 



(35) 



(35) 



For RT-competitive PCR, forward-long (L) and reverse primers were used, except that the forward-S primer was used instead of the 
forward-L primer to prepare internal standard (competitor). To standardize the amount of the target molecule, the amount of p-actin 
mRN A was determined using either the noncoding region primer set or the coding region primer set (the latter being used only for 
the gastrocnemius muscle p-actin mRNA). 



in crude and plasma membrane fractions were separated by SDS-PAGE on 
12.5% gels using the system described by Laemmli (38). The separated proteins 
were transferred to polyvinylidene difiuoride (PVDF) membranes at 10 V for 
30 min by the semidry blotting system (Bio-Rad Laboratories, Hercules, CA). 
The PVDF membranes were blocked with Block Ace (Dainippon Pharma- 
ceutical) and incubated for 1 h with polyclonal anti-GLUT4 antibody (Trans- 
formation Research, Framingham, MA). The membranes were subsequently 
incubated with anti-rabbit IgG antibody conjugated with horseradish perox- 
idase (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h. The immunolabeled 
signals were detected with autoradiography film using the enhanced chemi- 
luminescence system (Amersham Pharmacia Biotech). 
Statistical analysis. Values are shown as the means ± SE. The statistical signi- 
ficance of the values was analyzed by the Dunnett's two-tailed test when 
more than three groups were compared or the two-tailed Student's t test or 
the Welch t test when two groups were compared. 



RESULTS 

Effects of AJ-9677 on plasma glucose, insulin, FFA, 
and triglyceride levels. Control KK-AVTa diabetic obese 
mice showed marked hyperglycemia, hyperinsulmemia, 
hypertriglyceridemia, and high FFA levels compared with 
normal C57BL/6J mice (Table 2). AJ-9677 stimulated lipoly- 
sis in vitro dose-dependentiy with higher potency than iso- 
proterenol (Fig. 1). Acute administration of AJ-9677 also 
stimulated lipolysis, and plasma FFA levels were increased 
(0.77 ± 0.05 to 1,63 ± 0.05 mEa/i, P < 0.001, n = 8). However, 
in mice treated with AJ-9677 (0. 1 mg/kg) for 14 days, hyper- 
glycemia and high FFA levels were completely normalized and 
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TABLE 2 

Effects of AJ-9677 treatment for 14 days on the body weight, total food intake, plasma parameters, weight of epididymal white adipose 
tissues, and triglyceride contents of white adipose tissues in KK-A y /Ia diabetic obese mice and C57BL/6J mice 

KK-AWa 



Control 


AJ-9677 (0.1 mg/kg) 


C57BL/6J 


38.1 ± 0.6 


37.8 ± 1.1 




40.2 ± 0.7 


37.8 ± 0.8 




5.28 ± 0.53 


0.03 ± 1.54* 




87.0 ± 4.0 


87.0 ± 2.9 




421.1 ± 28.6 


208.7 ± I0.3t 


160.9 ± 9.2 


87.78 ± 11.84 


4.15±0.72t 


1.35 ± 0.26 


0.61 ± 0.03 


0.18 ± 0.01t 


0.32 ± 0.04 


601.6 ±28.1 


217.1 ± 10.0t 


121.0 ± 3.7 


1.72 ± 0.05 


0.91 ± 0.04 1 


0.26 ± 0.03 


5.67 ± 0.70 


3.09 ± 0.30f 


2.66 ± 0.22 


6.09 ± 0.66 


3.05 ± 0,33* 


1.93 ±0.18 



Body weight (g) on day 1 
Body weight (g) on day 15 
Body weight increase (%) 
Total food intake (g) 
Plasma glucose (mg/dl) 
Plasma insulin (ng/ml) 
Plasma FFA (mEq/l) 
Plasma triglyceride (mg/dX) 
Epididymal WAT (g) 

Triglyceride content in epididymal WAT (mg/jxg DNA) 
Triglyceride content in inguinal WAT (mg/[i,g DNA) 



Data are means ± SB; n - 6-8 in KK-AVTa groups and 5 in the C57BL/6J group. Blood and tissue samples were collected under well- 
fed conditions. *P < 0.01 and fP < 0.001 vs. the control group. WAT, white adipose tissue. 



hyperinsulinemia and hypertriglyceridemia were markedly 
improved (Table 2). The OGTT indicated that the diabetic 
obese mice treated with AJ-9677 showed significantly lower 
glucose levels after glucose loading and significantly lower lev- 
els of plasma insulin than the untreated control mice (Fig. 2). 
These data clearly indicate that the AJ-9677 antidiabetic effect 
is mediated by the amelioration of insulin resistance in the 
diabetic obese mouse model. Although AJ-9677 treatment 
did not alter the total food intake, age-dependent weight 
gain was reduced in the diabetic obese mice (Table 2), 
These results suggest that AJ-9677 may inhibit weight gain by 
increasing energy expenditure. Consistent with this idea, rec- 
tal temperature was elevated by ~1°C (36.8 ± 0.2 to 37.7 ± 
0.1 Q C, P < 0.01, n » 8) 1.5 h after the administration on day 1 
of 0. 1 mg/kg of AJ-9677. 

Effects of AJ-9677 on white adipose tissues. The mice 
treated with AJ-9677 showed an -50% reduction in the weight 
of epididymal white adipose tissues compared with the 
control mice (Table 2). Moreover, triglyceride levels in the 
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FIG. 1. lipolytic activities of AJ-9677 in white adipocytes from KK-A'TTa 
diabetic obese mice. Isolated adipocytes were incubated with AJ-9677 
(•) or isoproterenol CO). FFA concentrations were normalized to 
protein concentrations. The data are expressed as means ± SE of 
four experiments. 
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FIG- 2. Effects of AJ-9677 on glucose tolerance in KK-AVTa diabetic 
obese mice. OGTT was performed after 24-h fasting after adminis- 
tration of AJ-9677 (0.01 mr 1 • kg" 1 • day' 1 or 0.1 mg- 1 * kg -1 • day" 1 ) for 
14 days. Blood samples were collected sequentially and plasma 
glucose (A) and insulin (B) were measured. O, control; A, AJ-9677 
C0.01 mg/kg); AJ-9677 (0.1 mg/lcg). The data are expressed as 
means * SE; n * 6 in each group. *P < 0.05, < 0.01, and < 0.001 
compared with the control group. 
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FIG. 3. Histological examination of white adipose tissues from control and AJ-9677-treated KK-A*7Ta diabetic obese mice. Tissues were 
removed after a 14-day treatment under well-fed conditions. A, C, and E show control KK-A y /Ta mice. B, D, and F show AJ-9677-treated KK- 
A"/Ta mice. A and B show epididymal white adipose tissues stained with hematoxylin and eosin, C and D show epididymal white adipose tis- 
sues immunostained with antl-cytochrome oxidase antibody. E and F show electron microscopic observations of inguinal white adipose tissues. 



epididymal white adipose tissues normalized to DNA levels 
(TG/DNA ratios) were also reduced by -50%, to almost the 
same level as the control levels (Table 2), m<Mcating that the 
triglyceride content per cell was reduced to normal. TG/DNA 
ratios in inguinal white adipose tissues were also reduced by 
-50% by AJ-9677 treatment (Table 2). 
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Histological analysis of white adipose tissues. Treat- 
ment with AJ-9677 clearly reduced the size of adipocytes in 
the epididymal white adipose tissues (Fig. 3A and B), The 
number of white adipocytes in the limited area was larger in 
the AJ-9677-treated group than that in the control group. 
This effect was exerted in a dose-dependent manner (i.e., a 
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TABLE 3 

Effects of AJ-9677 administration on the size of white adipocytes 

Number of cells 
(cells per 7 X 10" 3 mm 2 ) 



Experiment I 
Control 

AJ-9677 (0.01 mg/kg) 
Experiment 2 
Control 

AJ-9677 (0.1 mg/kg) 



91.7 ± 3.9 
111.6 ±7.8* 

75.2 ±3.1 
120-1 ± 2.3t 



Data are means ± SE; n » 10 in each group. The number of cells were 
counted in five limited areas of each section stained with hema- 
toxylin and eosin. *P < 0.05 and tP < 0.001 vs. the control ©roup. 

120% increase at a dosage of 0.01 mg/kg and a 160% increase 
at a dosage of 0.1 mg/kg) (Table 3). Moreover, the AJ-9677 
treatment caused the formation of some multilocular adipo- 
cytes resembling brown adipocytes. Immimostainirig of cyto- 
chrome oxidase in the AJ-9677-treated group was stronger 
than that in the control group (Fig. SC and D). These results 
were also found in the inguinal white adipose tissues (data not 
shown). These observations suggest that AJ-9677 treatment 
caused the exaltation of mitochondrial function and the con- 
version of white adipocytes into brown adipocytes. Alterna- 
tively, (^-adrenoceptor agonist treatment may cause differ- 
entiation of preadipocytes of brown adipose tissue lineage 
in white adipose tissues. AJ-9677 treatment caused a dra- 
matic increase in the number of mitochondria in the cyto- 
plasm of inguinal white adipocytes (Fig. 3E and F). 
Effect of AJ-9677 treatment on the overexpression of 
TNF-oe and leptin mRNA and protein. The TNF-a mRNA 



levels were markedly higher in control KK-AVTa mice than in 
C57BL/6J mice. Treatment with AJ-9677 decreased the TNF-a 
mRNA level to 35% of the control level (Fig. 44). This reduc- 
tion of TNF-a mRNA was associated with a parallel reduction 
in the amount of TNF-a protein secreted from the adipocytes 
(Fig. 4(7). Very similar data were obtained for leptin mRNA and 
protein secretion (Fig. 4B and D). AJ-9677 also reduced the 
mRNA expression levels and secretion of both TNF-a and 
leptin in the mguinal white adipose tissues (data not shown). 
Effect of AJ-9677 treatment on expression of UCP-1, -2, 
and -3. AJ-9677 treatment caused the mRNA expression of 
UCP-1 in brown adipose tissues to be increased threefold 
(Fig, 5A). UCP-2 mRNA levels were increased in the brown adi- 
pose tissues of control KK-AVIa mice, and AJ-9677 treatment 
further unregulated the expression of UCP-2 mRNA UCP-3 
mRNA levels were not changed in the brown adipose tissues of 
the control KK-AVTa mice, and AJ-9677 treatment did not affect 
the expression of UCP-3 mRNA. UCP-1 was hardly expressed 
in the epididymal and inguinal white adipose tissues of both con- 
trol KK-AVIa and C57BL/6J mice. However, administration of 
AJ-9677 cmiseda20.to80-foldmcreaseinUCP-l expression lev- 
els in the epididymal (Fig. 5B) and inguinal (Fig. 5C) white adi- 
pose tissues. UCP-2 expression levels were increased three- to 
sixfold in both epididymal and inguinal white adipose tissues 
of the control KK-A^/Ia mice, as seeninbrown adipose tissues 
(Fig. 5/7 and C), However, the expression of UCP-2 mRNA was 
reduced and left unchanged by AJ-9677 in the epididymal and 
inguinal white adipose tissues, respectively, unlike the effects 
seen in brown adipose tissues (Fig. 5B and C). The expression 
of UCP-3 was not altered in white and brown adipose tissues 
of the control KK-AVTa mice. Although AJ-9677 treatment 
decreased UCP-3 expression levels in epididymal white adipose 
tissues (Fig. 5B), it did not affect UCP-3 expression levels in 
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FIG. 4. Messenger RNA expression and secretion of TNF-a and leptin in epididymal white adipose tissues from control and AJ-9677-treated 
KK<A*VTa diabetic obese mice and C57BI/6J mice. Adipose tissues were removed after a 14-day treatment Under well-fed conditions. A and B: 
TNF-a and leptin mRNA expression, respectively. The mRNA expression levels were analyzed by the RT-competitive PCR method. C and Dx TNF-a 
and leptin protein secretion, respectively. TNF-a and leptin were measured by EI1SA kits. The details of the experiments are described in 
research DESIGN and methods. The data are expressed as means * SE; ns8in KK-A*VTa groups and n - 5 in the C57BIV6 J group. **P < 0.01 and 
***p < 0.001 compared with control KK-AVIa group. N.D., not detected. 
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FIG. 6. Expression levels of UCP-1, -2, and -3 mRNA in adipose tissues and the gastrocnemius from control and AJ-9677-treated KK-A^/Ia diabetic 
obese mice and C57BL/6J mice, tissues were removed after a 14-day treatment under well-fed conditions. A shows interscapular brown adipose 
tissues; £ shows epididymal white adipose tissues; C Shows inguinal white adipose tissues; and D shows the gastrocnemius. The mRNA expression 
levels were analyzed by the BT-competitive PGB method. The details of the experiments are described in research design and methods. Data are 
expressed as means * SB; n » 5-8 in KK-A v /Ta groups and n - 5 in the C57BL/6J group. *P < 0.05, **P < 0.01, and ***JP < 0.001 compared with the 
control KK-A"/Ta group. N.S., not significant compared with the control KK-A*VTa group. #F < 0.05 compared with the C57BI/6J group. 
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TABLE 4 

Effects of AJ-9677 treatment for 14 days on expression levels of GLUT4 mRNA in epididymal and inguinal white adipose tissues, 
interscapular brown adipose tissues, and the gastrocnemius in KK-AWa diabetic obese mice and C57BI/6J mice 







KK-AWa 






Control 


AJ-9677 (0.1 mg/kg) 


C57BL/6J 


Epididymal WAT 
Inguinal WAT 
Interscapular BAT 
Gastrocnemius 


0.056 * 0.003 
0.281 ± 0.013 
0.636 ±0.151 
0.331 ± 0.056 


0.207 ± 0.040t 
0.602 ± 0.081* 
1.672 ±0.152$ 
0.826 ±0.132t 


0.059 ± 0.006 
0.104 ± 0.029 
0.786 ±0.114 
0.609 ± 0.134 



Data are means ± SE; n = 5-S in each group. All values were normalized by the expression levels of £-actin mRNA. WAT, white adi- 
pose tissue; BAT, brown adipose tissue. *P < 0.05, fcP < 0.01, and $P < 0.001 vs. the control group. 



inguinal white adipose tissues (Fig. 5C). The expression levels 
of UCP-1, -2, and -3 mRNA in the gastrocnemius were very low 
compared with the adipose tissues, and they were not upregu- 
lated by AJ-9677 treatment (Fig. 52>). 

Effect of AJ-9677 treatment on GI*UT4 expression. 

GLUT4 mRNA expression in epididymal white adipose tissues 
was similar in control KK-AVTa diabetic obese and C57BL/6J 
mice. AJ-9677 treatment increased GLUT4 mRNA expression 
approximately fourfold. AJ-9677 treatment also caused a two- 
to threefold increase in GLUT4 mRNA levels in mguinal white 
adipose tissues, brown adipose tissues, and the gastrocnemius 
(Table 4). AJ-9677 treatment also increased GLUT4 protein lev- 
els in the crude and plasma membrane of epididymal white adi- 
pose tissues four- and sixfold, respectively (Fig. 6), 

DISCUSSION 

Administration of AJ-9677 for 14 days reduced plasma glucose, 
insulin, FFA, and triglyceride levels in the diabetic obese 
mouse model to almost the normal levels seen in C57BL/6J 
mice. AJ-9677 stimulated lipolysis in adipocytes dose-depen- 
dentiy in vitro. Although the plasma FFA level increased after 
the first AJ-9677 administration, this effect was not observed 
after chronic treatment, presumably because plasma FFAs 
generated by lipolysis may be consumed by thermogenesis. 
Although we used the dosage of 0.1 mg^-kg -1 - day" 1 , AJ-9677 
can reduce these plasma parameters at lower dosages (data 
not shown). The effective dosage was much lower for AJ- 
9677 than for other p 3 -adrenoceptor agonists reported previ- 
ously (14,39). White adipose tissues in humans show lower 
expression levels of (^-adrenoceptor than in rodents. However, 



because AJ-9677 is an equally potent agonist against both 
human and rat (^-adrenoceptors in the Chinese hamster ovary 
cell expression system, it may show the same kind of effects, 
to some extent, in humans as it does in rodents. 

Mitochondrial UCPs, which cause respiration without ATP 
synthesis, are believed to be involved in the expenditure of 
excess energy. At least three UCP isoforms (UCP-1, -2, and -3) 
have been cloned. UCP-1 is primarily expressed in brown adi- 
pose tissues, and it is slightly expressed in white adipose tis- 
sues. In the present study, adnuiustration of AJ-9677 increased 
the expression of UCP-1 threefold in brown adipose tissues and 
20- to 80-fold in epididymal and inguinal white adipose tis- 
sues. The expression of UCP-2 was increased by 2.5-fold in 
brown adipose tissues, but it was decreased in epididymal 
white adipose tissues and unaltered in mguinal white adipose 
tissues. The expression of UCP-3 was not changed in brown adi- 
pose tissues and inguinal white adipose tissues, but it was 
decreased in epididymal white adipose tissues. Previous reports 
showed that the ^-adrenoceptor agonists BRL 35135 and CL 
316,243 (40-42) increased the expression of UCP-1 in both 
brown and white adipose tissues. Our data are consistent 
with those results. The effect of AJ-9677 on the expression of 
UCP-2 in brown adipose tissues is different from that of 
BRL 35135 (40), but consistent with CL 316,243 (41). The effects 
on UCP-3 expression are inconsistent. Thus, the effects of 
(^adrenoceptor agonists on UCP-2 and UCP-3 expression may 
depend on the types of 0 3 -adrenoceptor agonists, the duration 
of the treatment, and the time of death. Although CL 316,243 
increased UCP-1 mRNA in the gastrocnemius (7), AJ-9677 
did not increase UCP-1, 2, or 3 mRNA in the tissues. These 




FIG. 6. Protein expression levels of GLUT4 in epididymal white adipose tissues from control and AJ-9677-treated KK-A*VTa diabetic obese mice. 
Tissues were removed after a 14-day treatment under weU-fed conditions. Crude and plasma membrane fractions were prepared and analyzed 
by Western blotting method. The detail was described in research design and methods. Crude, crude membrane; PM, plasma membrane. D, con- 
trol KK-A"/Ta mice; H, AJ-9677-treated KK-A^/Ta mice. The data are expressed as means * SB; n m 6 in each group. < 0.001 compared with 
control KK-A"/Ta group. 
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FIG. 7. Proposed mechanism of generation of small adipocytes and amelioration of insulin resistance by {^-adrenoceptor agonist (AJ-9677). 
AJ-9677 converts large adipocytes into small adipocytes through increased Upolysis and the induction of uncoupling proteins (e.g., UCP-1) that 
are associated with the reduction of TNF-ot and FFA, which leads to the amelioration of Insulin resistance. Thiazoiidinediones promote 
adipocyte differentiation to generate small adipocytes that are also associated with the reduction of TNF-a and FFA, which leads to the ame- 
lioration of insulin resistance. Therefore, insulin sensitivity is induced in vivo whether small adipocytes are generated de novo by differenti- 
ation via stimulation of PPAB-? or by conversion from the large adipocytes via 0 r adrenergic receptors. The generation of small adipocytes is 
the key event in ameliorating insulin resistance. 



differences may also depend on the types of p^adrenoceptor 
agonists. The role of UCPs in the muscles may not be very 
important for the antidiabetic effects of AJ-9677. 

The major novelfinding of P^adrenoceptor 
agonist AJ-9677 reduced the size of white adipocytes, an effect 
associated with the reduction of mRNA expression and pro- 
tein secretion of TNF-a and the reduction of plasma FFA 
levels. The reduction in size of the white adipocytes was con- 
firmed by histological analysis and the triglyceride/DNA ratio. 
This reduction may be caused by increased Upolysis and 
energy expenditure mediated by the increased expression of 
both UCP-1 and UCP-2 after AJ-9677 treatment We cannot 
identify the source of UCP-1 overexpressed in white adipose 
tissues; it is possible that the increased UCP-i was expressed 
in the multilocular adipocytes found in the white adipose tis- 
sues during AJ-9677 treatment However, because the absolute 
expression level of UCP-1 in white adipose tissues was much 
lower than in brown adipose tissues, white adipose tissues may 
contribute less to energy expenditure than brown adipose 
tissues. Thiazoiidinediones cause the differentiation of pre- 
adipocytes into adipocytes (through the peroxisome prolif- 
erator-activated receptor 7 [PPAR^y]) to generate small white 
adipocytes and, concomitantly, cause the apoptosis of large 
white adipocytes (23). This reduction of the mean size of 
adipocytes by thiazoiidinediones is associated with the nor- 
malization of both increased levels of expression of TNF-ot and 
increased production of FFAs in diabetic obese animal 
models. Because the increase in the proportion of small adipo- 
cytes by thiazoiidinediones appears to contribute to the ame- 
lioration of insulin resistance via decreased TNF-a expression 
and decreased FFA production, the reduction in the size of 
adipocytes by AJ-9677 may contribute to the amelioration of 
insulin resistance via a similar reduction of TNF-a expression 
and FFA production. Moreover, the reduction in the size of 
adipocytes by AJ-9677 may also be associated with decreased 
levels of leptin expression and secretion in white adipose tis- 
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sues, which may well reflect the abrogation of the need for 
compensation for insulin resistance. 

TNF-a can cause downregulation of GLUT4 expression 
(43,44), so decreased TNF-a expression probably contributes 
to increased GLUT4 expression after AJ-9677 treatment More- 
over, GLUT4 expression on the plasma membrane was pref- 
erentially increased compared with the crude membrane, 
suggesting that AJ-9677 treatment stimulated GLUT4 translo- 
cation to the plasma membrane in white adipose tissues. 
Whether this effect is a direct action of AJ-9677 or secondary 
to its amelioration of high plasma FFA levels is unclear at pres- 
ent. In either case, the change in the localization of GLUT4 to 
the plasma membrane, in addition to the increased GLUT4 
expression levels, may further contribute to the amelioration 
of insulin resistance and diabetes. 

We would like to propose a novel hypothesis for the rela- 
tionship between the generation of small adipocytes and the ame- 
lioration of insulin resistance, as depicted in Rg. 7. The present 
study clearly shows that the ^-adrenoceptor agonist AJ-9677 
converted large adipocytes into small adipocytes through 
increased Upolysis and the induction of UCPs (e.g., UCP-1) that 
are associated with the reduction of TNF-a and FFA levels and 
thus the amelioration of insulin resistance. We previously 
showed that thiazoiidinediones promote adipocyte differentia- 
tion to generate small adipocytes, which is also associated with 
reduction of TNF-a and FFA levels, leading to the amelioration 
of insulin resistance (23). Therefore, insulin sensitivity is 
induced in vivo whether small adipocytes are generated de novo 
by differentiation via stimulation of PPAR-7 or by conversion 
mom the large adipocytes via (^-adrenoceptors. Thus, we would 
like to propose that the generation of small adipocytes is the key 
event in the amelioration of insulin resistance. 

Hypertrophic obesity resulting from adipocyte hypertrophy, 
which develops with a high-fat diet and sedentary lifestyle, is 
closely linked to major health issues (e.g., diabetes, hyperten- 
sion, hyperlipidemia, and cardiovascular diseases) in Western 
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countries and in Japan (45). Insulin resistance, which is usu- 
ally associated with hypertrophic obesity, is believed to be the 
major mechanism causing these diseases. Thus, the treatment 
of hypertrophic adipocytes is one of the most important issues 
in medical science. Thiazolidinediones may not be the ideal 
agents because the number of adipocytes tends to increase and 
promote obesity, even though insulin resistance is amelio- 
rated. This study clearly demonstrated that ^-adrenoceptor 
agonists (e.g., AJ-9677) appear to convert hypertrophic adipo- 
cytes into small adipocytes, thereby ameliorating insulin resis- 
tance and obesity simultaneously. 
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Characterization of /^-adrenoceptor mediated smooth muscle 
relaxation and the detection of mRN A for /? 2 - and 
/^-adrenoceptors in rat ileum 

1,2 S.J, Roberts, Papaioannoa, l2 B.A. Evans & * 12 R,JL Summers 

department of Pharmacology, University of Melbourne, Parkville, 3052, Victoria, Australia and department of Pharmacology, 
Monash University, Clayton, 3168, Victoria, Australia 

1 Functional and molecular approaches were used to characterize the /?-AR subtypes mediating 
relaxation of rat ileal smooth muscle. 

2 In functional studies, (-)-isoprenaline relaxation was unchanged by CGP20712A (0 r AR 
antagonist) or ICI118551 (0 2 -AR antagonist) but shifted by propranolol (pK B = 6.69). (±)- 
Cyanopindolol, CGP12177 and ICID7114 did not cause relaxation but antagonized (— )-isoprenaline 
relaxation. 

3 BRL37344 (/? 3 -AR agonist) caused biphasic relaxation. The high affinity component was shifted 
with low affinity by propranolol, (±)-cyanopindolol, tertatolol and alprenolol. CL3 16243 (/? 3 -AR 
agonist) relaxation was unaffected by CGP20712A or ICI1 18551 but blocked by SR58894A (fo-AR 
antagonist; pA 2 = : 7.80). Enhanced relaxation after exposure to forskolin and pertussis toxin showed 
that /?3~AR relaxation can be altered by manipulation of components of the adenylate cyclase 
signalling pathway. 

4 The £ r AR agonist R0363 relaxed the ileum (pEC 5{ >= 6.18) and was blocked by CGP20712A. 
Relaxation by the /? 2 -AR agonist zinterol (pEC5o = 5.71) was blocked by SR58894A but not by 
ICI1 18551. 

5 In rat ileum, fi r , 0 2 - and ft-AR mRNA was detected. Comparison of tissues showed that /S 3 -AR 
mRNA expression was greatest in WAT > colon = ileum > cerebral cortex >soleus; j? r AR mRNA 
was most abundant in cerebral cortex > WAT > ileum — colon > soleus; 0 2 -AR mRNA was expressed 
in soleus > WAT > ileum = colon > cerebral cortex. 

6 These results show that &-ARs are the predominant 0-AR subtype mediating rat ileal relaxation 
while 0,-ARs may produce a small relaxation. The 0 2 -AR agonist zinterol produces relaxation 
through 03-ARs and there was no evidence for the involvement of /? 2 -ARs in relaxation despite the 
detection of /? 2 -AR mRNA. 

Keywords: /^-adrenoceptors; ^-adrenoceptors; gastrointestinal smooth muscle; relaxation; rat ileum; messenger RNA 
Abbreviations: AR, adrenoceptor; C-R, concentration response; CYP, cyanopindolol; ISO, isoprenaline 



Introduction 

Although the intestinal /?-AR was originally described as a fa- 
AR (Lands et at., 1967) atypically low affinities of fi-KK 
antagonists and propranolol-resistant relaxation responses 
observed in gastrointestinal smooth muscle preparations from 
several species indicated that other 0-AR subtypes were 
involved in these responses (see Arch & Kaumann, 1993, for 
review). Atypical /?-AR responses that were resistant to 
blockade by propranolol and selectively stimulated by a novel 
group of /?-AR agonists were also described in adipocytes. The 
/?3-AR was subsequently cloned and sequenced (Emorine et a/., 
1989) and found to share many of the pharmacological 
characteristics of the atypical 0-AR. #,-ARs are highly 
expressed in adipose tissue and ft-AR agonists such as 
BRL 37344, SR 5861 1 A and CL 316,243 are potent stimulants 
of lipolysis and thermogenesis, cause marked weight loss in 
obese animals, increase insulin sensitivity and improve glucose 
tolerance in diabetic animals. Whilst the human AR is 
emerging as an exciting target for the development of selective 
stimulants as potential treatments for obesity and diabetes 
(Strosberg & Pietri-Rouxel, 1996), these same compounds may 
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also be useful in the treatment of irritable bowel syndrome, ft- 
ARs are also highly expressed in regions of the gastrointestinal 
tract such as colon, ileum and stomach in many species 
including human (Berkowitz et aL, 1995; Evans et aL, 1996; 
Roberts et ai, 1997). /? 3 -AR mediated relaxation in gastro- 
intestinal smooth muscle is resistant to blockade by 
propranolol and selective fir and /? 2 -AR antagonists such as 
CGP 20712A and ICI 118551 (for review see Manara et al % 
1995). 

Earlier studies of gastrointestinal smooth muscle used non- 
selective /?-AR or selective 0 r or /? 2 -AR agonists to 
characterize /?-AR responses in various animal models. For 
example, studies using non-selective /?-AR or selective /? 2 -AR 
agonists in diabetic animal models have shown a marked 
reduction in 0-AR responsiveness in the intestine (Ozturk et 
a/., 1996). Decreased responses to the selective j3 2 -AR agonist 
salbutamol are of particular note as the low potency of 
salbutamol strongly suggests that it is acting through /? 3 -ARs 
rather than ft-ARs. In addition, a recent binding study 
mapping 0-AR subtypes throughout the diabetic rat gastro- 
intestinal tract used a concentration of the radioligand [ l25 I]- 
CYP (20 pM) so low that it would label only 1 .5% of /? 3 -ARs in 
each sample (Yu & Ouyang, 1997). The findings from these 
studies therefore offer limited information on the changes in /?- 
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AR density and responsiveness as the tools/compounds used 
were not appropriate for examination of all three /?-AR 
subtypes. It is necessary to clearly establish the role and 
contribution of each p-AR subtype to gastrointestinal 
relaxation and as selective compounds for each subtype are 
now available, a more comprehensive study is clearly possible. 
A highly selective ft-AR agonist, CL 316243, has been 
developed that has at least 10,000 fold selectivity for the ft- 
AR compared with the jS r and £ 2 -ARs respectively (Dolan et 
ctl., 1994). More recently the first selective /? 3 -AR antagonists 
were developed and these new pharmacological tools have 
enabled a clear demonstration of /? 3 -AR mediated functional 
responses in rat colon and rat brown adipose tissue (Manara et 
ai, 1996). 

Previous studies of the /? 3 -AR in rat ileum have been carried 
out in the presence of fir and /? 2 -AR blockade and the relative 
contribution of /?-AR subtypes has not been examined using 
agonists and antagonists selective for each of the three p-AR 
subtypes. Studies of functional responses of rat ileum 
relaxation (Growcott et ai, 1993; Hoey et ai, 1996) have 
shown that stimulation by selective /? 3 -AR agonists produces a 
relaxation response in the presence of j0 r and 0 2 -AR blockade. 
The aim of this study therefore was to utilize selective ft-AR 
compounds as well as selective jff r and 0 2 -AR agonists and 
antagonists to characterize the functional jS-AR subtypes 
present in rat ileum and assess the relative contribution of 
these subtypes to /?-AR mediated relaxation of the rat ileal 
smooth muscle. We have also measured mRNA levels of the 
three 0-AR subtypes in ileal smooth muscle. 



Methods 

Tissue preparation and incubation 

Male Sprague Dawley rats (250-300 g) were anaesthetized 
with 80% CO2/20% 0 2 and decapitated. A 12-15 cm segment 
of the small intestine was removed from 2 cm above the 
ileocaecal junction and the intraluminal contents flushed out 
with Krebs Henseleit buffer (composition:- (mM) NaCl 118.4, 
KC1 4.7, MgS0 4 .7H 2 0 1.2, KH 2 P0 4 1.2, NaHC0 3 25, glucose 
11, CaCI 2 2.5) containing ascorbic acid (0.1 mM) and EDTA 
(0.04 mM). Segments of 1.5-2 cm length were mounted on 
tissue hooks and suspended in jacketed organ baths containing 
Krebs Henseleit solution maintained at 37°C and bubbled 
continuously with 95% 0 2 /5% C0 2 (pH 7.4) under 5 mN 
force. Ugo Basile isotonic transducers connected to a MacLab 
system with an Apple Macintosh HCi Computer were used to 
measure isotonic changes in the length of the tissues. Tissue 
strips were equilibrated for 30-45 min in the presence of 
desipramine (0.5 fiu) to block neuronal uptake, hydrocorti- 
sone (30 fiu) to block extraneuronal uptake of ISO and 
phentolamine (10 jtM) to block /?-ARs. Antagonists were 
added prior to the 30 min equilibration period. 

Preliminary experiments 

Carbachol concentration response (C-R) curves were per- 
formed to determine the concentration producing 70-80% 
maximum contraction. Carbachol (3 jxm) was chosen to 
precontract longitudinal smooth muscle segments in subse- 
quent experiments (data not shown). The tissue sensitivity to 
(-)-ISO changed when three successive (-)-ISO C-R curves 
were performed in individual segments. The first C-R curve 
(pEC 50 ^ 6.79 ±0.02, H=4) significantly increased the sensitiv- 
ity (i><0.05) of the tissue to the second C-R curve 
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(pEC 5 o 88; 7.14±0.02, « = 4) and the third C-R curve had a 
significantly depressed maximum response (P<0.05). By 
comparison (-)-ISO C-R curves in paired tissues were very 
consistent so single C-R curves were performed in the absence 
and presence of antagonists in paired ileum preparations 
obtained from the same animal. 

Concentration response curves in rat ileal smooth muscle 

Tissue strips were precontracted submaximally with carbachol 
(3 jam) for a 15-20 min equilibration period before relaxation 
by cumulative concentrations of agonists were performed. 
Agonist curves were constructed using 0.5 log unit increments 
until a stable state was observed. The time intervals between 
each concentration ranged from 4-5 min for isoprenaline and 
zinterol to 20-30 min for BRL 37344 and CL 316,243. At the 
end of the concentration response (C-R) curve, papaverine 
(50-100/4M) was added and responses were expressed as a 
percentage of the maximum papaverine relaxation. 

Analysis 

The activity of the agonists was expressed as an EC 50 value 
obtained by analysis using the non -linear curve fitting program 
in PRISM (Intuitive Software for Science). When a range of 
antagonist concentrations was used a Schild plot was 
constructed (Arunlakshana & Schild, 1959) and the x-intercept 
of the Schild plot was taken as the pA 2 value. In circumstances 
where single concentrations of antagonist were used or if the 
Schild plot was clearly non-linear, pK B values were calculated 
according to the method of Furchgott (1972). Statistical 
significance was determined using Student's /-test where 
P<0.05 was considered to be significant. C-R curves were 
plotted as means ±s.e.mean of n individual experiments. The 
slope values of regression lines were expressed as slope ±95% 
confidence limits (C.L.). All values are expressed as means 
±s.e.mean. 

Molecular methods 

Adult male Sprague Dawley rats (250-300 g) were anaes- 
thetized by 80% CO 2 /20% O z and killed by cervical 
dislocation. Epididymal white adipose tissue, cerebral cortex, 
soleus muscle, ileal and colonic smooth muscle were removed, 
frozen in liquid N 2 and stored at -70°C. Ileum and colon were 
carefully dissected free of surrounding adipose tissue, cut open 
and pinned out, and mucosa removed by scraping with a 
scalpel. The resulting smooth muscle was washed in Krebs 
Henseleit solution and blotted dry prior to immersion in liquid 

RNA extractions Frozen tissue was ground to a fine powder 
in a stainless steel mortar and pestle pre-eooled in liquid 
nitrogen. Total RNA was extracted by the method of 
Chomczynski & Sacchi (1987). To avoid any cross-contamina- 
tion, the homogenizer probe was dismantled and washed 
thoroughly between each sample, The yield and quality of the 
RNA were assessed by measuring absorbance at 260 and 
280 nm, and by electrophoresis on 1.2% agarose gels. Total 
RNA from each tissue was treated with DNase to remove any 
possible contaminating genomic DNA. The reaction mix 
contained 20 //g RNA, sodium acetate (pH 7.0) (100 mM), 
MgSQ 4 (5 mM), dithiothreitol (5 mM), 36 U RNasin (Prome- 
ga), and 10 U DNase I (Pharmacia) in a total volume of 40 jtl. 
Following digestion at 37°C for 30 min, the solution was 
diluted to 400 f*\ with H 2 0 and extracted with an equal volume 
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of phenol : chloroform (1 : 1). The RNA was precipitated with 
1 .0 ml of ethanol and 40 pi of 2 M sodium acetate. The yield 
and quality of DNase-treated RNA were determined as above. 

Reverse transcription! PCR cDNAs were synthesized by 
reverse transcription of 1.0 pg of each total RNA using oligo 
(dT)15 as a primer. The RNA in a volume of 7,5 pi was heated 
to 70 6 C for 5 min then placed on ice for 2 min prior to the 
addition of reaction mix containing 1 x RT buffer (supplied by 
Promega), dNTPs (1 mM), MgCI 2 (5 mM), 18 U RNasin 
(Promega), 20 U AMV reverse transcriptase (Promega), and 
50 pg ml" 1 oligo(dT)15 in a volume of 12.5 pi. Following brief 
centrifugation, the reactions were incubated at 42°C for 
45 min, then at 95°C for 5 min. The completed reverse 
transcription reactions were stored at — 20°C and used for 
PCR without further treatment. 

PCR amplification was done on cDNA equivalent to 100 ng 
of starting RNA, using oligonucleotide primers specific for rat 
PrAR (forward, 5'-CCGCTGCTACAACGACCCCAAG-3' 
and reverse, 5'-CGGATCGCCTCTTCGTCTTCTTCAA-3')» 
ft-AR (forward, 5'-TGTGTCACAGCCAGCATCGAGA- 
CCCTGT-3' and reverse 5'-TTGAAGGCAGAGTTGACA- 
TAGCCCAACCAGTT-3'), &-AR (set A: forward, 5'-AT- 
CATGAGCCAGTGGTGGCGTGTAG-3' and reverse, 5'- 
GCGATGA AA ACTCCG CTGGG A ACT A-3'), &-AR (set 
B, intron spanning forward, 5'-TAGTCCTGGTGTG~ 
GATCGTGTCCGC-3' and reverse, 5'-CGCTCACCTTCA- 
TAGCCATCAAACC-3'), and /?-actin (forward, 5'- 
ATCCTGCGTCTGGACCTGGCTG-3' and reverse, 5'- 
CCTGCTTGCTGATCCACATCTGCTG-3') synthesized at 
the Howard Florey Institute, Melbourne or by Life 
Technologies, Gaithersburg, MD, U.S.A. Reverse primers for 
actin were labelled prior to PCR in a reaction mix containing 
120 pmol of oligonucleotide, 70 pCi [y- 33 P)-ATP, 1 x One- 
Phor-All Plus buffer (Pharmacia), and 20 U T4 polynucleotide 
kinase (Pharmacia) in a volume of 40 pi. Following incubation 
at 37°C for 30 min, reactions were diluted to 100 pi with H 2 0 
and heated at 90°C for 2 min. The labelled primers were 
separated from unincorporated nucleotide by centrifugation 
through Chroma-spin 10 columns (Clontech), according to the 
manufacturer's instructions. PCR mixes contained 1 U of Taq 
polymerase (Life Technologies), the buffer supplied (Tris-HCl 
(pH 8.4) (20 mM) and KC1 (50 mM)), dNTPs (200 mM), Mg- 
acetate (2 mM), 2.5 pmol of forward primer, 2.5 pmol of 
reverse primer and cDNA in a volume of 10 pi. For each set of 
tissues (e.g. all samples of ileum), a single reaction mix 
containing all components except the cDNA was prepared for 
the entire PCR experiment and aliquotted to minimize 
variation between samples. Each PCR experiment included a 
negative control consisting of an RT reaction containing no 
added RNA. PCR was carried out in an FTS-1 capillary 
thermal sequencer (Corbett Research, Lidcombe, New South 
Wales, Australia). Following initial heating of samples at 95°C 
for 2 min, each cycle of amplification consisted of 30 s at 95°C, 
30 s at 64°C, and 30 s at 72°C. Following amplification, PCR 
products were electrophoresed on 1.3% agarose gels and 
transferred onto Hybond N + membrane by Southern blotting 
in 0.4 M NaOH/1 M NaCl. For detection of 0-AR products, 
membranes were exposed to u.v. light for 2 min then pre- 
hybridized for 4 h at 42°C in a buffer containing 5 x Denharts 
solution (0.1% (wv" 1 ) ficoll type 400, 0.1% (w v~ l ) poly- 
vinylpyrrolidone, 0.1% (wv~ ] ) BSA), 5xSSC, 0.5% SDS, 
100 pg mi"" 1 salmon sperm DNA and 0.1 mM ATP, prior to 
addition of labelled probe and hybridization for 16 h at 42°C. 
Probes (10 pmol) specific for 0,-AR (5'-AAGAAGATCGA- 
CAGCTGCGAGC-3'), &-AR (5'-AGCCAGGTGGAGCAG- 



GATGGG-3') and &-AR (5'-TGCCAACTCCGCCTTC- 
AACCCGGTC-3') were end-labelled with 15 pCi y- 33 P-ATP 
(2000 Ci mmoi"" 1 ; Bresatec) and T4 polynucleotide kinase 
(Pharmacia). Filters were washed in 2 x SSC/0.1% SDS, rinsed 
at room temperature then washed at 30°C for 20-30 min then 
at 37°C for 5 min. Radioactivity was detected using a 
Molecular Dynamics SI phosphorimager, and bands were 
quantitated using the 'Volume Report* function of Image- 
QuaNT software (Molecular Dynamics). 

Drugs and reagents 

The authors thank the following companies and individuals for 
gifts of: ICID7114 ((S)-4-[2-hydroxy-3-phenoxypropylamino 
ethoxy ] - N - (2 - methoxyethyl) phenoxyacetamide), (Imperial 
Chemical Industries, Wilmslow, Cheshire, England); ( + )- 
alprenolol (Professor B. Jarrott, Monash University, Victoria, 
Australia); (±)-CGP 20712A (2~hydroxy-5(2-((2-hydroxy-3- 
(4~((l~methyl-4-trifluoromethyl) 1 H-imidazole-2-yl)-phenoxy)- 
propyl)amino) ethoxy) -benzamide monomethane sulphonate) 
(Dr G. Anderson, Ciba-Geigy AG Australia); (-)-CYP, (±)- 
CYP (Sandoz, Basel, Switzerland); BRL 37344 (sodium-4-[-2[- 
2-hydroxy-2-(-3-chloro-phenyl) ethylamino] propyl] phenox- 
yacetate) (Dr M.A. Cawthorne, Smith Kline Beecham, Great 
Burgh, Epsom, U.K.); (-) tertatolol, ( + )-tertatolol (Servier, 
Paris, France); SR 58611 A (RS-N-(7-carbethoxymethoxyl 
l,2,3,4-tetrahydronophth-2-yl)-2 hydroxy 2-(3-chlorophenyl)- 
ethanamine), SR58894 (3-(2-allyl-phenoxy)- 1 -[(IS)- 1,2,3 ,4-tet- 
rahydronaphth- 1 - ylamino] - (2S) - 2 -propanol hydrochloride) 
(Dr Luciano Manara, SANOFI-MIDY S.p.A. Research 
Centre, Milan, Italy); zinterol hydrochloride (Bristol-Myers 
Squibb, Noble Park, Australia); CL 316 243 (disodium (R,R)- 
5- [2- [ [2-3-Chloropheny l)-2-hydroxyethyl] -amino] propyl]- 1 ,3- 
benzodioxole-2,2-dicarboxylate) (Dr Tim Nash, Wyeth Phar- 
maceuticals, Sydney, Australia). 

Other chemicals were from commercial sources as indicated: 
(_)_ pr0 pranolol, (±)-ICI 118551 (erythro-DL-l(7-methylin- 
dian-4-yloxy)-3-isopropylaminobutan-2-ol) (Imperial Chemi- 
cal Industries, Wilmslow, Cheshire, England); (-)-alprenolol, 
(— )-isoprenaline bitartrate, hydrocortisone, desipramine HC1, 
carbachol (carbamylcholine chloride), papaverine, forskolin 
(Sigma Chemical Company, St Louis, MO, U.S.A.); phento- 
lamine HC1 (Regitine; Ciba-Geigy AG Australia); (±)- 
CGP 12177 hydrochloride ((~)-4-)3-t-butylamino-2-hydroxy- 
propoxy) benzimidazol-2-one) (Research Biochemicals Inc., 
MA, U.S.A.); RO 363 (±>H3,4-dimethoxy-phenethylami- 
no)-3-(3,4-dihydroxyphenoxy)-2-propanoI)-oxalate) (Institute 
of Drug Technology, Boronia, Australia); l( + )-ascorbic acid 
(Merck, Frankfurt, Germany); EDTA (ethylenediaminetetra- 
acetic acid di-sodium salt (AJAX Chemicals, Melbourne, 
Australia). 



Results 

(~~)-Isoprenaline mediated relaxation of rat ileal 
longitudinal smooth muscle 

(— )-ISO produced concentration-dependent relaxation of 
carbachol-precontracted rat ileum longitudinal smooth muscle 
with a pEC 50 value of 6.80±0.02 («-4). The /3,/ft-AR 
antagonist (-)-propranolol (0.1, 1, 10 pM) caused concentra- 
tion-dependent rightward shifts of the (-)-ISO C-R curve. 
The corresponding Schild plot was biphasic and the slope of 
the plot was significantly less than unity (Table 1, Figure 1). 
Calculation of pK B values for each propranolol concentration 
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showed that the higher concentrations (1 and 10 fiu) of the 
drug caused a reduced rightward shift compared to the lower 
concentration (0.1 fJM) indicating the possible involvement of 
two sites with different affinities for propranolol (Table I). 

Both the selective j3 r AR antagonist CGP 207 12A (30, 100, 
300 nM) and the selective 0 2 -AR antagonist ICI 118551 (30, 
100, 300 nM) failed to produce significant shifts of the (-)-ISO 
CR curve (Figure 1). ICI 1 18551, at a concentration of 30 uM 
caused a small shift with a pK B value of 5.06 ±0.13 (« = 4). 
CGP 207 12A did not cause a significant shift in the (-)-ISO 
C-R curves (pEC 50 control 6.69 ±0.04, n^5; pECso 
CGP 20712A (300 nM) 6.55±0.06, n = 4; P>0.05). It was not 
possible to use CGP 207 12A at a concentration equivalent to 
its affinity at a /? 3 -AR (1 mM) in the organ bath due to 
solubility difficulties. 

The 0,/02-AR antagonist (±)-CYP (30 nM, 0.1, 0.3, 1 um) 
caused concentration dependent rightward shifts of the (— )-ISO 
C-R curve. A Schild plot produced a line with a slope of unity 
(0.97) and a corresponding pA 2 value of 7.98 (Figure 2). The 
stereoselectivity of the isomers of alprenolol and tertatolol was 
examined against (-)-ISO C-R curves (Figure 3). Schild plots 
f or (-)-alprenolol and (-)-tertatolol had slope values which 
did not differ significantly from unity with pA 2 values of 7.12 
and 7.29 respectively (Table 1). The Schild plots for the ( + )- 
stereoisomers of both alprenolol and tertatolol had slope values 
significantly less than unity and pA 2 values of 5.83 and 5.65 
respectively. The stereoselectivity displayed for alprenolol (19.5 
fold) and tertatolol (43.7 fold) were somewhat less than expected 
at fir or /? 2 -AR but in the range expected for a /? r AR. (Table 1), 

Effects of selective /?/-, fi 2 - and fi r AR agonists on 
longitudinal smooth muscle 

p r AR agonist The selective 0,-AR agonist RO 363 produced 
a small relaxation of carbachol precontracted rat longitudinal 
smooth muscle (<20% of papaverine maximum) at a high 
concentration of 10 jtM. The pEC 50 for this response was 
6.18±0.34 («= s 4) and this relaxation was abolished by 
CGP 20712A (100 nM) (Figure 4). 

fiz-AR agonist The /? 2 -AR antagonist, zinterol, caused a 
concentration dependent relaxation with a pEC 50 of 



5.71 ±0.16 (n = 6) and this relaxation was not affected by 
ICI 118551 (100 nM; pEC 50 = 5.93±0.16, n-8) or 
CGP207I2A (100 nM; pEC SQ ~5$4, n~2) but was shifted to 
the right by increasing concentrations of the #r AR antagonist 
SR58894A in the presence of ICI 1 18551 (100 nM). pK B values 
of 7.23±0.02(0.1 /zM,««4)and6.95±0.09(l uM, n - 5) were 
calculated (Figure 4). 

fi r AR agonists BRL 37344 was a slower acting agonist (each 
concentration required approximately 15-20 min to achieve 
equilibrium) and BRL 37344 C-R curves were biphasic. The 
first phase (pEC*, (1) = 7.31 ±0.04, «-4) occurred at lower 
concentrations than (~)-ISO and caused a response that was 
approximately 50% of the maximum produced by (-)-ISO 
(10 uM). This component of the response was shifted to the 
right by (-)-propranolo! (1 j*m) (pK B 6.51). The second phase 
had an estimated pEC 50 (2) value of 4. 39 ±0.09, n - 4 but failed 
to reach a maximum within the concentration range used and 
was not shifted by 1 pM propranolol (Figure 5). 

pK B values for the high affinity component of the 
BRL 37344 CR curve were determined for single concentra- 
tions of antagonists (Table 2). The affinities of the antagonists 
against BRL 37344 responses were compared with the pK B 
values obtained against (~)-ISO responses. This data has been 
represented as a correlation plot (Figure 5). The regression line 
has an r value of 0.973 (/> = 0.0011) and a slope of 0.863 (95% 
C.L. 0.58-1.14, « = 6). 

SR 58611 A SR 5861 1 A C-R curves were performed using a 
concentration range of I x 10~ 10 to 3 x 10~ 5 M. A maximum 
response was not achieved but the C-R curve appeared 
monophasic and was not affected by the presence of 1 {XM 
propranolol (Figure 5). 

CL 316243 Like BRL 37344 the response to CL 316243 was 
slow and required 25-30 min to reach a plateau at each 
concentration. To determine whether this slow response was 
due to the thickness of the ileal segment, relaxation responses 
were also examined by inverting the segment, gently scraping 
off the mucosa with a glass slide, and reinverting the segment 
to its original orientation. Mucosal removal did not alter the 
time course of the response or significantly change the potency 



Table 1 Affinity values (pAj) for antagonists against (~)-isoprenaline relaxation of rat ileum. Values are given as pK B value when 
single concentrations of antagonists were used or if the Schild plot was clearly non-linear 



Antagonist 

(-)-tertatolol 

(+)-tertatoloI 

(-)-alprenolol 

(+)-alprenolol 

CGP 12177 

( ± )-cyanopindoloI 



0.1/1M 

XpM 

\0pM 

30/*M 
300nM 
0.1 piu 

l^M 
10/iM 

ICID7114 0.1mm 
♦Regression line significantly different from unity. 



Propranolol 



ICI 118551 
CGP 20712A 
CGP 12177 



pA2±s.e.mean (n) 


slope ±se.mean 


7.29±0.17 (28) 


1.03 ±0.09 


5.65 ±0.05 (19) 


0.59 + 0.17 


7.12±0.16 (12) 


l.I9±0.18 


5.83±0.31 (11) 


0.73 + 0.11 


7.65 + 0.08 (14) 


0.77 + 0.05 


7.98±0.07 (14) 


0.97 ±0.06 


pK B ±s.e.mean 




7.50 ±0.30 (4) 




6.81 ±0.20 (4) 




6.69 + 0.07 (4) 




5.06 + 0.13 (4) 




no shift (4) 




7.55 ±0.07 (5) 




7.15±0.08 (5) 




7.09 ±0.06 (4) 




7.41 ±0.03 (4) 




7.62 ±0.1 3 (4) 





95% CL 

0.84-1.22 

0.24-0.95* 

0.78-1.60 

0.47-0.98* 

0.65-0.89* 

0.83-1.11 
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of CL 316243 (pEC 50 8.05 ±0.10 (intact mucosa) 7.85±0.1i 
(mucosa removed), P>0.05, « = 4), although the maximum 
relaxation was significantly enhanced in preparations after the 
mucosa was removed (P« 0.005) (Figure 6). The CL 316243 
CR curve was monophasic and was not shifted by the ft-AR 
antagonist CGP 207 12A or the &-AR antagonist ICI118551 at 
100 nM but was shifted to the right by the selective p T AR 
antagonist SR 58894A (pA 2 = 7.80 ±0.06, «~21; Figure 6). 




-10 -9 -8 -7 -6 -5 -4 




41 -10 -9 -8 -7-6-5-4 -3 



log [(-HsopreDaline] (M) 

Figure 1 The effect of Pifpz antagonists on the relaxation responses 
to (~*)-isoprenaline in the rat isolated ileum precontracted with 
carbachol. Graph shows (— )-isoprenaline concentration response 
curves in the absence and presence of (A) propranolol (B) the 0 r AR 
antagonist CGP 2071 2A and (C) the fo-AR antagonist ICI 118551. 
Inset (A) shows a Schild plot with a slope significantly less than 
unity. Note the lack of effect of CGP20712A and the small 
rightward shift caused only by a high concentration of ICI 118551. 
Points show mean±s.e.mean («~4) and are expressed as a 
percentage of maximum relaxation by papaverine (100 ^M). 



Effects of putative fi r adrenoceptor agonists 

In the rat iieum neither ICI D7114 or CGP 12177 showed any 
agonist activity at concentrations up to 10 fxM. The Schild plot 
for CGP 12177 against ISO responses had a slope of 0.77 (95% 
CX. 0.65-0.89, w= 12) and pK B values are shown in Table 1. 
ICI D7 11 4 at 0.1 and 1 im produced rightward shifts of the 
(-)-ISO OR curve with pK B values of 7.41 and 7.62 
respectively (Table I). 

Effects offorskolin and pertussis toxin on relaxation of 
rat ileal longitudinal smooth muscle 

Forskolin (0. 1 and 1 pM) was added 30 min prior to the 
commencement of the CR curve. Both concentrations 
produced a slight relaxation in the basal tone of the tissue- 
this effect being more pronounced at the higher concentration. 
Carbachol precontractions were maintained in a similar 
manner to that observed in the absence of forskolin. A 
forskolin concentration of 0.1 fiM had no effect on ISO and 
CL 316243 CR curves. At 1 jtM, forskolin caused a significant 
enhancement of the maximum relaxation of both agonists. The 
ISO response increased by 31% and the CL 316243 response 
increased by 38% of the maximum relaxation to papaverine. 
There was no significant change in the pECso values for 
CL 316243 or ISO in the presence of forskolin 1 fiM 
(CL 316243 pEC $0 7.72±0.20, with forskolin 7.94±0.18 and 
for ISO pEC 50 6.53 ±0.1 8, with forskolin 6.93 ±0.15, « = 4) 
(Figure 7). Preincubation of rat ileum for 2 h with 0.5 pig ml" 1 
pertussis toxin also produced a significant increase of 21% in 
the maximum relaxation of the smooth muscle to CL 316243 
(Figure 7). 

Detection of ^-adrenoceptor mRNA in rat colon and 
ileum 

RT-PCR was used to detect /?,-AR, 0 2 -AR, &-AR and actin 
mRNA in circular/longitudinal smooth muscle from samples 
of rat ileum and colon. Determinations were also made with 
samples of cortex, epididymal white adipose tissue (WAT) and 
soleus muscle which are known to contain varying levels of the 




log [(-Msoprenaliae] (M) 



Figure 2 The effect of (±)«cyanopindolol (CYP) on the relaxation 
responses to (-)-isoprenaline in the rat isolated ileum precontracted 
with carbachol. Points show mean+s.e.mean and are expressed as a 
percentage of maximum relaxation by papaverine (100 ^m) (n— 4). 
Inset shows the Schild plot for (±)-CYP with slope 0.97 and pA 2 
value of 7.98. 
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p-AR subtypes (Figure 8). The PCR products demonstrated 
the expected sizes of 435 (ft-AR), 620 (&-AR), 473 (ft-AR), 
and 559 bp (actin). To ensure that the products were derived 



exclusively from mRNA and not from contaminating genomic 
DNA, all RNA samples were treated with DNase, and intron- 
spanning primers were used to detect actin mRNA. The 
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Figure 3 The effect of the stereoisomers of alprenolol (A, C and E) and tertatolol (B, D and F) on the relaxation responses to (-)-isoprenaline 
in the rat isolated ileum precontracted with carbachol. Shown are (-)-isoprenaline concentration response curves in the absence and presence of 
(A) (-)-alprenoloI (B) (-)- tertatolol (C) ( + )-alprenolol and (D) (+)-tertatolol. Points show mean ±s.e. mean (w = 4~6) and are expressed as a 
percentage of maximum relaxation by papaverine (100 /iM). Slope values calculated from Schild plots for alprenolol (E) and tertatolol (F) show 
that the (-)-isomer in each case has a slope value not significantly different from unity while both (-t-)-isomers had slope values significantly less 
than unity. Slope values and pA 2 values were calculated and are shown in Table 1. 
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Figure 4 The effect of 0p and #r AR selective agonists on relaxation 
in rat ileum precontracted with carbachol. Graph (A) shows 
relaxation with the 0 2 -AR agonist zinterol in the absence and 
presence of ICI 118551 and CGP 207 12 A. Also shown in (A) are the 
relaxation responses by the £j-AR agonist R0363 in the absence and 
presence of CGP 207 12A (« = 4). Graph (B) shows the inhibition of 
zinterol relaxation by the 0 3 -AR antagonist SR 58894A in the 
presence of ICI 118551. 



observed actin PCR product corresponded to the expected 
559 bp, whereas contaminating DNA would have given a PCR 
product of 771 bp. Larger bands were not observed in any 
samples of cDNA used for the subsequent measurement of p- 
AR mRNA. 

To compare the relative levels of /?j-AR, /? 2 -AR and fo-AR 
in ileum, colon, cortex, soleus muscle and WAT the relation- 
ship between the log (PCR product) and cycle number was 
determined for individual samples. Although RT-PCR 
methods without control templates cannot be used to make 
direct comparisons between expression of different genes, the 
amplification of 0 r AR, ft-AR and &-AR cDNA occurred 
with similar efficiency both in comparison to each other and 
between tissues as judged by the similar slopes of the product/ 
cycle relationships. All plots were linear up to 28 cycles, and 27 



cycles of PCR were used to determine the relative levels of j? r 
AR, £ 2 ~AR and &-AR mRNA from multiple samples of colon 
and ileum versus cortex, WAT and soleus muscle. In this 
experiment intron-spanning primers were used for both actin 
and 0 3 -AR, again with no evidence of larger genomic DNA 
bands. In accord with previous data (Summers et a/., 1995; 
Evans et a!., 1996), the greatest expression of /? 3 -AR mRNA 
was in WAT > colon = ileum > cerebral cortex > soleus. Levels 
of 0 3 -AR mRNA in ileum and colon smooth muscle were not 
significantly different from each other (P^O.24), and 
amounted to approximately 20% of that in WAT. In contrast 
jffj-AR mRNA was most abundant in cerebral cortex >WA- 
T> ileum - colon > soleus with the levels in ileum and colon 
being 7-8% of that in cortex. p z -AR mRNA was expressed in 
soleus > WAT> ileum = colon > cerebral cortex. 0 2 -AR 
mRNA levels in ileum and colon were approximately 25% of 
that in soleus muscle. 



Discussion 

In the present study, the /?-AR subtypes mediating smooth 
muscle relaxation in rat ileum have been examined. The initial 
characterization of this receptor was performed using the non- 
selective 0-AR agonist (-)-ISO. The effects of (--)- 
propranolol on (-)-ISO C-R curves suggested the presence 
of both typical and atypical £-ARs given the reduced shift with 
progressively higher concentrations. However this was not 
supported by experiments with the p x - and /? 2 -AR selective 
antagonists CGP 20712A and ICI 118551 which both failed to 
cause any effect at concentrations up to 300 nM. It would 
therefore appear that the major component of smooth muscle 
relaxation was due to activation of a /?-AR subtype that was 
not effectively blocked by propranolol, ICI 118551 or 
CGP20712A. The affinity of propranolol (pK B = 6.69 at 
10 fiM) was somewhat higher than previously reported in rat 
ileum (5.5-5.7) (Growcott et aL, 1993) but close to values 
quoted in rat distal colon (6.57, 6.39) (McLaughlin & 
MacDonald, 1990). The pK B values of both propranolol and 
ICI 118551 (6.69 and 5.06 respectively) in rat ileum 
corresponded to the affinities of these compounds in rat 
jejunum (6.1 and 5.5; Van der Vliet et al, 1990), rat colon (6.0, 
Kaumann & Molenaar, 1996) and also at the rat cloned ft-AR 
(5.8 and 5.3; Muzzin et at., 1991). 

Evidence for a ft-AR in rat ileal smooth muscle was 
strongly supported by concentration-dependent relaxation of 
the smooth muscle by the /? 3 -AR agonists CL 316243, 
BRL 37344 and SR 58611 A. The biphasic responses caused 
by BRL 37344 were consistent with observations made by 
Growcott et al (1993), as was the slower onset of action by 
BRL 37344 (also seen for CL 316243 and SR 58611 A in the 
present study) compared to the rapid (~)-ISO response. The 
pECso value of 7.31 for the first component of the BRL 37344 
C-R curve corresponded well with that at the cloned rat /? 3 -AR 
(pECso^.l, Granneman et al, 1991). This component of the 
curve was sensitive to high concentrations of /?-AR antagonists 
and a pK B value of 6.51 for propranolol (1 /m) indicated 
activity at a 0 3 -AR. By comparison, the second phase of the 
BRL 37344 C-R curve was completely resistant to proprano- 
lol, cyanopindolol and the stereoisomers of tertatolol and 
alprenolol and may indicate another mechanism activated by 
high concentrations of BRL 37344. 

The phenylethanolaminotetraline SR 5861 1 A is a potent $y 
AR agonist that was originally described as a colon specific 
atypical /J-AR agonist (see Manara et at., 1995, for review). 
However SR 5861 1 A was relatively ineffective in the present 
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Figure S Mean concentration response curves for the relaxation of carbachol precontracted rat ileum by the atypical fi-AR agonists (A) 
BRL 37344 and (B) SR 58611 A. Both graphs show control concentration response curves and in the presence of (-)-propranolol (1 /*M). Also 
shown are BRL 37344 concentration response curves in the presence of (C) (-)-tertatolol 3 fxM and ( + ) tertatolol 10 a*m; (D) (-)-alprenolol 
3 m and ( + )-alpreno!ol 30 jiM and (E) (±)-cyanopindolol 0.3 /zm. Points are expressed as a percentage of maximum relaxation by papaverine 
(100 fXM). Points show meanis.e.mean (« = 4-6). The pK B values for all compounds were calculated and are shown in Table 2. Graph (F) 
shows a correlation plot of pK B values for a range of compounds obtained against either (— )-isoprenaline concentration-response or 
BRL 37344 concentration-response curves. The regression line has a correlation coefficient of r= 0.973, P** 0.00 11 and a slope of 0.863 (95% 
CX. 0.58-1.14, « = 6). 
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rat ileum preparation and maximum responses could not be 
obtained within the concentration range available. The 



Table 2 The affinities of a variety of antagonists against 
isoprenaline relaxation compared with affinities against 
relaxation to BRL 37344 



Compound 

(~)-propranoloI (1 pm) 
ICI 188551 (30 ^M) 
CGP 20712A (300 nM) 
(-)-tertatolol (3 pM) 
(+>tertatolol (10 ^m) 
(~)-alprenolol (3 pu) 
(-H)-alprenolol (30 pM) 
(±)-CYP (0.3 pM) 



(~~) -isoprenaline 
pK B ±s.e,mean 
(n) 

6.81+0.20 (4) 
5-06 ±0.1 3 (4) 
no shift (4) 
6.82±0.15 (4) 
5.39±0.15 (4) 
7.40 ±0.08 (4) 
5.44 ±0.04 (4) 
7.96 ±0.02 (4) 



BRL 37344 
pK B ±s.e.mean 
(n) 

6.51+0.16 (3) 

n.d. 

n.d. 
6.71 ±0.10 (5) 
5.28±0.10 (5) 
6.61 ±0.26 (5) 
5.10±0.07 (5) 
7.50 ±0.25 (4) 



n.d., affinities of these compounds were not determined. 



reduced activity of SR 58611 A in rat ileum compared to rat 
colon (ECso 3.5 nM, Bianchetti & Manara, 1990) may be due to 
the hydrolysis of SR 5861 1A to a more potent acid metabolite 
by esterases specifically located in the colon giving this 
compound its preferential action in the colon preparation 
(Bianchetti & Manara, 1990). Alternatively, SR 58611 A may 
be a partial agonist which is more effective in colon as this 
tissue has a greater receptor reserve. 

In studies of glycerol release from adipocytes (Bloom et al> 
1992) and colonic relaxation (Dolan et aL y 1994), CL 316243 
was described as selective for /? 3 -AR compared to p r (atrial) 
and /? 2 -ARs (soleus muscle) and more ft-AR selective than 
BRL 37344. In rat ileum, CL 316243 was the most potent Jff 3 - 
AR agonist and produced a monophasic relaxation of the ileal 
smooth muscle. This response was not blocked by 0r and /? 2 - 
AR antagonists but was blocked by the &-AR antagonist 
SR58894A with a pA 2 value of 7.8 which corresponds to its 
published affinity at rat colonic /? 3 -ARs (pA 2 ~ 8.06, Manara et 
at., 1996). 
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Figure 6 Mean concentration response curves for the relaxation of carbachol precontracted rat ileum by the 0 3 -AR agonist CL 316243. Graph 
(A) shows monophasic CL 316243 concentration-response curves in intact preparations and preparations with the mucosa removed. Graph (B) 
shows a control CL 316243 C-R curve and in the presence of the 0,-AR antagonist CGP 2071 2A 100 nM, the 0 2 -AR antagonist ICI 118551 
100 nM and both antagonists in combination. Graph (C) shows the concentration dependent rightward shifts of the CL 316243 C-R curve with 
the £ r AR antagonist SR 58894A. Graph (D) shows the Schild Plot (slope 95% C.I. 0.94-1.68) for SR 58894A Points show mean±s.e.mean 
(«~4~6). 
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Figure 7 Effects of preincubation of rat ileal strips with forskolin for 
45 min at 37°C on concentration -response curves to (A) isoprenaline 
and (B) CL 316243. Also shown (C) is the effect of preincubation 
with pertussis toxin (2 h, 37°C, ra=4) on CL 336243 concentration- 
response curves. 
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Figure 8 Detection of jSt-AR, fo-AR, /? 3 -AR and actin mRNA by 
RT/PCR. Cycle numbers were 27 for /?-ARs and 16 for actin. Sizes of 
the PCR products were determined from ethidium bromide stained 
gels by comparison with 100 bp DNA laddeT (Pharmacia). The blots 
were apposed to phosphorimager plates for 7 h prior to scanning. 



The affinity of (-)-alprenoiol (3 ptM) against ISO C-R 
curves in the present study (pK B 7.12) was higher than when 
BRL 37344 was used as the agonist (pK B 6.61). Other 
functional studies of /?~ARs in gastrointestinal tissues have 
found affinities of alprenolol ranging from 7.2 in rat jejunum 
(Van der VHet et al, 1990) to 6.5 in rat ileum (Growcott et al, 
1993) and 6.47 in guinea-pig ileum (Blue el al., 1990). The 
latter study also demonstrated partial agonist activity of 
alprenolol in guinea-pig ileum (Blue et al, 1990). Tertatolol 
has also been described as an effective antagonist at /? 3 ~ARs 
with a pA 2 value of 6.8 in guinea-pig ileum (Bond & 
Vanhoutte, 1992) compared to values of 7.29 and 6.71 (pK B ) 
measured in rat ileum (present study). It is interesting to note 
that the affinities of both alprenolol and tertatolol in the 
present study fall closer to values described for atypical /?-ARs 
in other studies when BRL 37344 rather than ISO is used as 
the agonist. Another interesting observation was a tendency 
for Schild plots generated for the ( + )-isomers to have slope 
values of less than unity, a feature not shared by the (-)- 
isomers. The reason for this difference is not known. Low 
stereoselectivity was observed for isomers of alprenolol 
competing for (— )-[ 125 I]-CYP binding in rat skeletal muscle 
(Molenaar et al., 1991; Roberts et al, 1993; Sillence et al, 
1993) and brown adipose tissue membranes (Sillence et al, 
1993). It is interesting to note that much higher stereo- 
selectivity has been observed for agonists at atypical /?-ARs, 
particularly the isomers of ISO which display 25 fold 
separation in rat small intestine (Van der VHet et al, 1990) 
and 31 fold separation at the cloned human ft-AR expressed 
in CHO cells (Emorine et al, 1989). 

CYP and CGP 12177 are both fr/fc-AR antagonists that 
have also been described as partial agonists at atypical /?-ARs 
(Mohell & Dicker, 1989; McLaughlin & MacDonald, 1991; 
McKean & MacDonald, 1994). ICID7114 was originally 
described in guinea-pig ileum as having both agonist and 
antagonist activity* but behaved as an antagonist in rat ileum 
(Growcott et al, 1993) and colon (MacDonald & Lamont, 
1993). All three compounds behaved as antagonists in the 
present study. (±)-CYP and CGP 12177 produced eoncentra- 
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tion dependent rightward shifts of (— )-ISO C-R curves. A 
single concentration of (±)-CYP (0.3 pM) gave similar pK B 
values against both (-)-ISO (7.96) and BRL 37344 (7.50) 
induced relaxation. This differs from that seen by McLaughlin 
& MacDonald (1991) in rat gastric fundus where the pK B value 
of (±)~CYP was significantly lower against BRL 37344 (6.56) 
than against (-)-ISO (7.44) induced relaxation. Several other 
studies have used GYP to identify atypical ftAR populations 
in gastrointestinal tissues and affinity values quoted include 
6.67, 7.12 and 7.07 in rat distal colon (McLaughlin & 
MacDonald, 1990; McKean & MacDonald, 1994), 6.56 and 
7.44 in rat gastric fundus (McLaughlin & MacDonald, 1991) 
and 7.01 in rat jejunum (MacDonald et aL, 1994). One study 
has reported partial agonist activity of CYP (pD 2 ==5.3) and 
IodoCYP (pD 2 ~7.0) in rat ileum preparations (Hoey et aL, 
1996). The present study confirms reports that ICI D71 14 (also 
known as ZD7114), a reversible competitive antagonist in rat 
distal colon with a pA 2 value of 7,29 (MacDonald & Lament, 
1993), is also an antagonist in rat ileum (pK B values 7.41, 7.62). 
These values are higher than those previously reported in rat 
ileum (6.3-6.7; Growcott et aL, 1993) making ZD7114 a 
higher affinity ft-AR antagonist than either alprenoloi or 
tertatolol in our rat ileum preparation. These results are again 
in contrast to those of Hoey et aL (1996) who reported that 
ICI D7114 was a partial agonist in rat ileum with a pseudo 
pD 2 value of 6.92. 

In previous studies we have characterized (— )~[ l2S I]-CYP 
binding to ftARs in rat ileum and atypical (ft)-AR binding 
sites were clearly the predominant subtype while ft- and ft- 
ARs were undetectable even using classical binding conditions 
that favour binding to ft- and ft-ARs (Roberts et aL, 1995). 
The marked relaxation observed to the ft-AR agonist zinterol 
was therefore unexpected. However this response was not 
altered by the ft-AR antagonist, ICI 1 18551, but was inhibited 
by the ft-AR antagonist, SR 58894A. This suggests that 
zinterol causes relaxation of rat ileal smooth muscle through 
activation of ft-ARs. This observation is of particular note 
with regard to the interpretation of results obtained in diabetic 
rat models which showed decreased gastrointestinal responses 
in rat duodenum to the ft-AR agonist salbutamol (Altan et aL, 
1987; Yildizoglu-Ari et aL, 1988). The low potency of 
salbutamol in these studies (pD 2 5.9-6.6) compared to its 
known affinity at ft-ARs (7.6, from Arch & Kaumann, 1993 
review) strongly suggests that these reduced responses may 
reflect decreases in either ft- or ft-AR rather than ft-AR 
responsiveness in duodenum in diabetes. It is interesting to note 
that ft-AR mRNA was detected in rat ileal smooth muscle at 
about 25% of the level in soleus muscle a tissue where ft-AR 
mediated responses can be readily identified. This may indicate 
that amplification of the ft-AR PCR product is particularly 
efficient, that the mRNA is not translated into functional 
receptors or that the ft-AR subserve functions other than 
smooth muscle relaxation. In vivo electromyographic record- 
ings of migrating myoelectric complexes (MMC) in rat 
duodenum and jejunum have shown that isoprenaline and the 
ft-AR agonist ritodrine can disrupt the regular MMC pattern 
and the irregular spiking can be blocked with ICI 118551 
(Thollander et aL, 1996). It is therefore possible that although 
no relaxation response was detected there may be another role 
for a small population of ft-ARs which are also undetected in 
binding studies (Roberts et aL, 1995). 

The ft-AR agonist R0363 has a high intrinsic activity 
compared to ISO in rat colon and guinea-pig ileum (Molenaar 
et aL, 1997) and a study by Hoey et at. (1996) found that 
R0363 caused a relaxation of rat ileum that was 60-70% of 
the isoprenaline response. In the present study however R0363 



caused a relaxation that was less than 20% of the maximum 
and had a potency (pECso^ 6.2) between its potency at ft- and 
ft-ARs in rat colon (pEC 50 =*8.5 and 5.6 respectively, 
Molenaar et aL, 1997). We found that the R0363 relaxation 
in rat ileum was almost completely blocked by the ft-AR 
antagonist CGP 20712A. Although it was not possible to 
directly compare expression of the ft-AR subtypes we found 
that the level of ft-AR mRNA in ileum was significantly lower 
than levels of the same receptor detected in either cortex or 
white adipose tissue, which both contain functional ft-ARs 
(Morin et aL, 1992; Arch & Kaumann, 1993). The levels of 
expression in ileum were comparable to levels found in soleus 
muscle, a tissue where there is little functional evidence for the 
presence of ft-ARs (Roberts et aL, 1993). 

Finally, we examined the effects of alteration of components 
of the adenylate cyclase signalling pathway to determine 
whether ft-AR mediated relaxation responses were altered. 
Low concentrations of forskolin, which produced no change in 
tissue responses by themselves, are known to enhance the 
responses to compounds acting through adenylate cyclase. In 
rat ileum, the maximum relaxation of the smooth muscle was 
significantly enhanced after pretreatment in vitro with the 
adenylate cyclase activator, forskolin. Pertussis toxin pretreat- 
ment to ADP ribosylate Gi also enhanced ideal smooth muscle 
relaxation suggesting that Gi signalling contributes to either 
the basal or receptor stimulated tone in rat ileum. Granneman 
and coworkers showed that the adipocyte ft-AR can couple 
through both the stimulatory (Gs) protein and the inhibitory 
(GO protein and that abolition of the interaction with G» using 
pertussis toxin caused a marked increase in cyclic AMP 
accumulation in these cells (Chaudry et aL, 1994). Whether or 
not the gastrointestinal ft-AR also activates both signalling 
pathways however clearly requires further investigation. 

Several anomalies are apparent from these findings. The 
biphasic nature of the propranolol Schild Plot and the shallow 
slopes of several antagonists suggests that multiple subtypes 
are involved in relaxation yet the selective ft- and ft-AR 
antagonists CGP 20712A and ICI 1 18551 did not shift the ISO 
C-R curve. However, as the selective ft-AR agonist RO 363 
appears to act through a small population of ft-ARs it is 
possible that ft-ARs play a role in relaxation that is 
functionally of little significance when ft-ARs are also being 
stimulated. The strong signal for ft-AR mRNA in ileum, 
colon and white adipose tissue was also interesting as these 
tissues have been characterized functionally as having 
predominantly ft- and/or ft~ARs (Arch & Kaumann, 1993). 
Possible explanations may be that in these tissues the ft-AR 
mRNA is in blood vessels or nerves or that ft-AR are 
mediating a different function from the ft- and ft-ARs. Given 
the absence of ft-AR binding in rat ileum however (Roberts et 
aL, 1995) it is also possible that the ft-AR mRNA may not be 
translated into a functional protein. 

The current criteria for classification of the ft-AR include: 
(1) stimulation by selective ft-AR agonists; (2) partial agonist 
activity of non-conventional ftAR antagonists; (3) low affinity 
of typical ftAR antagonists; (4) a typically low stereoselectivity 
indices and (5) blockade by selective ft-AR antagonists 
(Strosberg & Pietri-Rouxel, 1996; Kaumann & Molenaar, 
1996). The studies presented in this paper show that the 
responses elicited by ISO and by various ft-AR agonists in rat 
ileum smooth muscle are blocked with low affinity by 
conventional ftAR antagonists, that low stereoselectivity was 
demonstrated for alprenoloi and tertatolol, and that the ft-AR 
antagonist, SR 58894A, has high affinity for blocking 
relaxation to ft-AR agonists. We also demonstrated the 
presence of ft-AR mRNA in rat ileal smooth muscle. The 
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present characterization of smooth muscle relaxation to 0-AR 
agonists confirms that ft-ARs are the predominant subtype 
mediating these responses with little to no evidence for a 
relaxation role for ft- or /? 2 -ARs in rat ileum. 
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Abstract—A novel series of 2~(3*indolyJ)alkylamino-I-(3-chlorophenyl)ethanols was prepared and evaluated for in vitro ability to 
stimulate cAMP production in Chinese hamster ovary cells expressing cloned human P3-AR. The optically active 30a was found to 
be the most potent and selective human P3-AR agonist in this series with an EC50 value of 0.062 nM. In addition, 30a selectivity for 
human p 3 -AR was 210-fold and 103-fold that for human p 2 -AR and p r AR, respectively. Furthermore, 30a showed potent ago- 
nistic activity at rat p 3 -AR. 
© 2003 Elsevier Science Ltd. All rights reserved. 



Introduction 

p-Adrenergic receptors (p-ARs) have been subclassified 
as Pi- and p 2 -ARs since 1967. 1 A third p-AR, initially 
referred to as 'atypical' 2 and later called p 3 -AR 3 > 4 has 
been found in a number of species , 5 *" 7 including man in 
the early 1980s. 4 The p 3 ~AR is located on the cell sur- 
face of both white and brown adipocytes and its stimu- 
lation promotes both lipolysis and energy expenditure, 8 

Since the discovery of P3-AR, a number of laboratories 
have been engaged in developing potent and selective 
p 3 -AR agonists for the treatment of obesity and non- 
insulin dependent (Type-II) pUa^etes^ Early p 3 -AR 
agonists (the 'first generation^of potent and selective rat y 
p 3 -AR agonists) such as, SOUL,. .3.7344; 10 CL 3 16243, 11 * 
and SR 58611 A, 12 having a 3-chloropheny! moiety in 
the left-hand side and a carboxylic acid or an ester 
functionality in the right-hand side as shown in Figure 
1, were reported to be effective anti-obesity and anti- 
diabetic agents in rodents. 13 

However, human clinical trials with these drugs for the 
treatment of metabolic disorders have been disappointing 
due to a lack of selectivity and/or potency or poor 
pharmacokinetics. 1 4 Because of the structural differences 




BRL 37344 
(R.R + S.S cnantkxners) 



- "CC 0 K C00N " 

OH ^COONa 



COaEl 



♦Corresponding author.' Tel.: +81-6-6337-5904; fax: + 81-6-6338- 
7656; e-mail: hiroshi-harada@dainippon-pharm.co.jp 



Figure 1. 

between human and rat p 3 -ARs, activity at the rat 
p 3 ~AR could not effectively predict that at the human 
P3-AR. 15 Thus, a new generation of human P3-AR ago- 
nists with minimal side effects associated with activation 
of human pi- and p 2 -ARs has long been needed. 

At the beginning of 1990 and on the basis of results 
obtained from random screening for rat p 3 -AR agonists, 
we found that a novel 2-[2-(3-indolyl)ethylamino]-l-(3- 
chlorophenyl)ethanoI (7) having the 3-chlorophenyl 
moiety structure known to be required for p 3 -AR ago- 
nistic activity, potently inhibited rat spontaneous colonic 
contraction (P 3 -AR; EC S o=; 22.9 ±3.1 nM ) and onI y 
slightly relaxed both rat ' uterus (p 2 -AR; EQo^ 
577.3 ± 149.4 nM) and guinea-pig trachea (P,-AR; 
EC 50 s::s > 10,000 nM). In order to improve the selectivity 
of lead compound 7, we focused on the introduction of 
various substituents into the indole nucleus and the 
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side-chain at the 3-position of the indole ring, and per- 
formed optical resolution of selected compounds. 
Additionally, to develop potent and selective human 
P 3 -AR agonists, we examined adenylyl cyclase activity 
using Chinese hamster ovary (CHO) cell lines expressing 
human p r , p 2 -, and p 3 -ARs. 

Structure-activity relationship (SAR) studies of various 

2- (34ndolyl)alkylamino- l-(3-chlorophenyl-rethanols led 
to the discovery of the optically active 30a, which is a 
potent human and rat p 3 -AR agonist with, low activity 
for human p r and p 2 -ARs. 

In this paper, we describe the synthesis and SARs of 

3- indolylethanolamine derivatives while keeping the 
3-chIorophenyl moiety constant as an aryl group. 



Chemistry 

The requisite intermediate tryptamine derivatives were 
prepared using procedures previously described in the lit- 
eratures. 16 In general, the 3-formylindoles obtained by 
Vilsmeier reaction (POCI 3 , DMF) of the substituted 
indoles were treated with nitroalkane in AcOH to produce 
nitroolefins in good yield. Conjugated nitrooleflns were 
directly reduced by LiAlH 4 to give saturated primary 
amines although the yield was moderate to low (Scheme 1), 

Most of the compounds (7-28 except 24) listed in Tables 
1, 3, and 4 were prepared by coupling reaction of the 
racemic 3-chlorostyrene oxide 1 or its optical isomer 17 
(i?)-l with various tryptamine derivatives in MeOH 
(Scheme 2). 

The optically active 8a-d listed in Table 2 were synthesized 
by treatment of the optically active 3-chloromandelic 
acids 18 (R)-2 and (S)-2 with the optically active oc-methyl- 
tryptamines 19 (i?)-3 and (S)-3 using BOP (benzotriazol-1- 
yloxytris(dimethylamino)phosphonium hexafluorophos- 
phate) as a coupling reagent followed by reduction of the 
amide group of 4a-d with borane (Scheme 3). 

R 2 H R 2 H R 2 H 

Scheme I, (a) MeNO* or EtN0 2 , AcOH; (b) LiAlH 4 , THR 

oh H 

liW 7-23,25-28 

Scheme 2. (a). MeOH. 

OH HN OH H 

\ b 

nm; X - H 2 

Scheme 3. (a) Benzotriazol-l~yloxytris(dimethylamino)phosphonium 
hexafiuorophosphate (BOP), DMF; (b) BH 3 THF. 



The 2-[3-(7-0-substituted 3-indolyl)-2-propylamino]-l- 
(3-chlorophenyl)ethanols 24 and 30 as a mixture of dia- 
stereomers and the selected optical isomers 23a ,b and 
30a,b listed in Tables 4 and 5 were synthesized as shown 
in Scheme 4. 



OH coo'bu 




Scheme 4. (a) Boc 2 0; (b) Pd/C, H 2 , chloro benzene; (c) ClCH 2 C0 2 Me, 
K 2 C0 3 , KI; (d) aqueous HCI; (e) aqueous NaOH; (0 M-W-carbonyl- 
diimidazole; (g) separation by silica gel column chromatography; 
(h) ClCH 2 C0 2 Me or Mel. 

Protection of the secondary amine functionality of the 
7-benzyloxytryptamine 28 with Boc group followed by 
catalytic hydrogenation in the presence of chloro- 
benzene to avoid removal of the 3-chiorine atom in the 
benzene ring produced the 7-hydroxytryptamine 5. 
Reaction of 5 with methyl chloroacetate, followed by 
removal of the Boc protecting group under acidic con- 
ditions furnished the 7-methoxycarbonylmethoxy- 
tryptamine 29. Subsequent alkaline hydrolysis of 29 and 
acid hydrolysis of 5 gave 30 and 24, respectively. 

The optically active 23a,b and 30a,b having 7-methoxy- 
and 7-carboxylmethoxy groups, respectively (Table 5), 
were synthesized as follows. Protection of the amino- 
ethanol moiety of 28 with a carbonyl group, followed by 
silica gel column chromatography separation of the 
resulting diastereomer 6 gave the optical isomers 6a,b 
having R- and ^-configuration in the a-methyl group, 
respectively. A similar method to that described for the 

Table 1. Human p 3 -AR agonistic activity of 2-(3-indoly!)alkylamino- 
l-(3-chlorophenyl)ethano!s 7-11" 

? H H 

H 



Compd R Ri Human p 3 -AR 



EC 50 (nM) cAMP accumulation 

(IA%) b (%at 10~ 7 M) C 



7 d H H 69(99) 

8* Me H 12(114) 

9* Et H 20 

10* Me Me 70(118) 



*p 3 -AR agonistic activity was assessed by measuring cAMP accumulation in 

CHO eells expressing human p 3 -AR (150,000 receptors/cell). 

^The maximal amount of cAMP obtained by ( -^-isoproterenol and the amount 

of cAMP in the absence of agonists were defined as 100 and 0%, respectively, 

and the relative maximal response of each compound is expressed as intrinsic 

activity (IA). EC50 value is a concentration of the test compound to be required 

to achieve 50% of cAMP accumulation. 

"Activity relative to (- ^isoproterenol. 

d Racemic mixture. 

"Mixture of four diastereomers. 
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Table 2. p-AR agonistic activity of compound 8 and its individual 
diastereomers at cloned human p r , {3 2 ~, and fo-ARs and at the cloned 
rat p 3 -AR* 



Compd Configuration Configuration 
of hydroxy of methyl 
center 



ECjo 
(nM) (IA%) b 



Human 
PrAR 



Human 
B r AR 



Human 
PrAR 



Rat 
fc-AR 



8 


Mixture 


Mixture 


12(114) 


23 (46) 


NT* 


0.97 (107) 


3a 


R 


R 


5.4 (1 10) 


25 (50) 


19(65) 


0.36 (98) 


8b 


R 


S 


240(97) 


9.4 (50) 


13 (96) 


8c 


S 


R 


220(119) 


330(23) 


47 (70) 


11 (108) 


8d 


S 


S 


3300 (62) 


c . 


140 (47) 


33 (108) 



"{J-ARs agonistic activity were assessed by measuring cA MP accumulation in 

CHO cells expressing various 8-ARs. Expression levels 21 of p-ARs were 1 50,000 

receptors/cell, 30,000 receptors/cell, 12,000 receptors/cell and 880,000 receptors/ 

cell for human py, PrvPr. and rat p 3 -ARs. 

b See footnote b in Table 1 . 

c -~~, could not be calculated because of low I A. 

d NT, not tested. 



Table 3. Human p 3 -AR agonistic activity of substituted indole deri- 
vatives 1^-22* 



5 

1 1 Rsj 



Compd 


R 


Ra 


EC 50 ("M) 
(IA%) b 


Human P3-AR 

cAMP accumulation 
(% at 10~ 7 M) C 


12 d 


H 


l-Me 




6 


13 d 


H 


2-Mc 




5 




H 


4-Me 




20 


is* 


Me 


4-Me 


96 (165) 






H 


5-Me 




7 


17* 


Me 


6-Me 


12(95) 




18 d 


H 


7-Me 




0 


19* 


Me 


6-MeO 


22 (102) 




20* 


Me 


7-McO 


1.7(113) 




21 c 


Me 


6-C1 


28(131) 




22* 


Me 


6-Br 


38(98) 





"See footnote a in Table 1 , 
b See footnote b in Table 1. 
c See footnote c in Table 1. 
d See footnote d in Table I. 
e See footnote e in Table I. 



preparation of 30 from 28 was applied to the preparation 
of the desired optical isomers 23a,b and 30a,b. The abso- 
lute configuration of 6b (^-configuration) and 30a 
(^-configuration) was confirmed by X-ray crystal- 
lography, and the ORTEP diagram of 30a is shown in 
Figure 2. 20 



Results and Discussion 

Activation of p-ARs by the various compounds pre- 
pared in this study was assessed by measuring cAMP 
accumulation in CHO cells expressing cloned human Pi-, 
p 2 -, and p 3 -ARs and rat P3-AR. As shown in Table 1, 
the lead compound 7 exhibited a relatively modest ago- 
nistic activity at the human P3-AR (EC 50 = 69nM). 



Table 4. Human {3 3 -AR agonistic activity of 7-0-substituted indole 
derivatives 23-30" 

OH H 

H OR 3 



Compd c 



R3 



Human p 3 -AR 
ECso (nM) (IA%) b 



23 


Me 


0.67(114) 


24 


H 


1.7(128) 


25 


Et 


0.96 (96) 


26 


Pr 


14(103) 


27 


iso-Pc 


2.8 (87) 


28 


CH 2 Ph 
CH 2 C0 2 Me 


11 (114) 


29 


0.92(102) 


30 


CH 2 C0 2 H 


0.11(124) 



"See footnote a in Table t. 
b See footnote b in Table I . 
c Mixturc of R,R and R,S diastereomers. 



Table 5. p-AR agonistic activity of optically active 7-O-substituted 
indole derivatives 23a,b, 30a,b, and reference compounds at cloned 
human p r , p 2 -, and p 3 -ARs and at the cloned rat p 3 -AR° 







OH H 




9 

OR 3 


Compd 


Configuration 
of methyl 
center 


Ky 




ECjo 
(nM) (IA%) b 






Human 
Pj-AR 


Human Human Rat 
p 2 -AR PrAR p r AR 


23a 
23b 

30a (AJ-9677) 
30b 

BRL 37344 


it 

S 
R 
S 


Me 0.36(89) 5.2(46) 0.13(118) 0.15 (147) 
Me 120(51) 130 <83) 6.5(121) 
CH 2 G0 2 H 0.062 (1 16) 13 (26) 6.4 (26) 0.016 (1 10) 
CH 2 C0 2 H 10(84) — « 14(107) 1.2(106) 
21 (95) 290(31) 1700 (17) 0.095(109) 
>-. ■ . ■ • 



■See footnote a in Table 2. 
b See footnote bin Table 2. 
•'See footnote c in Table 2. 




Figure 2. The ORTEP drawing of 30a with thermal ellipsoids at 50% 
probabilities. 

Introduction of a methyl group (yielding 8) into the 
tryptamine side-chain of 7 resulted in good improve- 
ment in p 3 -AR agonistic activity (EC 50 r 12 nM, intrin- 
sic activity (I A) value of 114%). However, introduction 
of an ethyl group (yielding 9) resulted in low activity at 
the human p 3 -AR. The a,a-dimethyltryptamine 10 had 
an activity nearly equipotent to that of the parent com- 
pound (7), and the tetrahydrocarbazole 11 showed sig- 
nificantly poor activity . 

From the study on the p-ARs agonistic activity of the four 
optical isomers of BRL 37344, the (i?,i?)-configuration 
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had proved to be important for enhancing rat p 3 -AR 
agonistic activity. 22 Thus, the four optical isomers 8a-d 
of the selected compound 8 were prepared and their 
agonistic activity at the human pr, P2"*» anc * Ps-ARs and 
rat p 3 -AR was evaluated- As expected, the optical iso- 
mer 8a, having /^-configuration in both the hydroxy and 
a-methyl centers, exhibited a potent agonistic activity at 
the human and rat p 3 -ARs compared with other stereo- 
isomers (8b~d). Although 8a had an agonistic activity at 
human and rat p 3 -ARs 2-3 times more potent than that 
of the original compound 8, it was completely non- 
selective. Other enantiomers (8b-d) showed low activity 
at all p-ARs (Table 2). 

Next, we examined the agonistic activity of various 
substituted tryptamine derivatives. Introduction of a 
methyl group at 1-, 2~, 4-, 5-, and 7-positions of the 
indole ring of 7 and 8 resulted in low agonistic 
activity at the human p 3 ~AR (compounds 12-16 and 
18, Table 3). The 6-methyl group was well tolerated 
and 17 displayed comparable agonistic activity to 
that of its parent 8. The 6-methoxytryptamine 19 and 
the tryptamine derivatives 21 and 22 with chlorine 
and bromine at the 6-position, respectively, were weak 
human p 3 -AR agonists compared with 8. Fortunately, 
the 7-methoxyindole counterpart 20 showed much 
more potent agonistic activity than 8. From the above 
SAR studies, the 7-methoxytryptamine 20 was found to 
exhibit the most preferred agonistic activity at human 
p 3 -AR. 

Because the (i*)-hydroxy isomers of the hydroxy center 
were more potent than the corresponding (S)-hydroxy 
derivatives, 7-O-substituted indole analogues with an 
CR)-hydroxy group were prepared and tested for their 
agonistic activity at the human p 3 -AR. As shown in 
Table 4, the 7-methoxyindole derivative 23 showed an 
activity ca. 2.5-fold more potent than that of 20. 
Removal of the methyl group on the methoxy substitu- 
tion gave derivative 24, which exhibited a decreased 
agonistic activity at the human p 3 -AR. When the meth- 
oxy group of 23 was replaced with an ethoxy and 
methoxycarbonylmethoxy groups, the resultants 25 and 
29 exhibited approximately equal agonistic activity at 
human p 3 -AR. A significant loss in activity was 
observed with the 7-propoxy (26), 7-isopropoxy (27), 
and 7-benzyloxy (28) derivatives. Replacement of the 
methoxy group' of 23 by a carboxylmethoxy group 
(yielding 30) led to a 6-fold improvement in human 
p 3 -AR agonistic activity. 

Finally, the 7-methoxy and 7-carboxylmethoxyindole 
derivatives (23 and 30, respectively) with potent agonis- 
tic activity at human p 3 -AR were selected for diaster- 
eomers separation and agonistic activity examination at 
human p r , p 2 -, and p 3 -ARs and rat p 3 -AR. As shown 
in Table 5, the optical isomers 23a and 30a with an 
(#)-a-methyl group were more potent than the corres- 
ponding diastereomers 23b and 30b. However, 23a 
exhibited poor selectivity for human p 3 -AR as it 
potently stimulated both human p r and p 2 -ARs. On the 
other hand, the selectivity of 30a for human p 3 -AR was 
high. The optically active 30a showed a potent agonistic 



activity at human and rat p 3 -ARs with selectivity for 
human p 3 -AR over 100-fold that for the p r AR and 
200-fold that for the p 2 -AR. Introduction of a 
carboxylmethoxy group into the indole ring of 30a led 
to a much more potent agonistic activity at the human 
p 3 -AR and ca. 6-fold increase in activity at the rat 
P 3 -AR as compared to BRL 37344. The presence of the 
7-carboxylmethoxy group and the ^-configuration for 
the a-methyl group were therefore found to be necessary 
for potent agonistic activity and selectivity. 

In conclusion, the synthesis and SAR studies of sub- 
stituted tryptamine derivatives based on human p 3 -AR 
agonistic activity have been discussed. Introduction of a 
carboxylmethoxy group at the 7-position of the indole 
ring resulted in the identification of a potent human 
(EC 50 - 0.062 nM) and rat (ECso^O.OienM) p 3 -ARs 
full agonist 30a (AJ-9677), Additionally, this compound 
(30a) showed good selectivity for human p 3 -AR as 
compared to that for human p r and p 2 -ARs. 
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Huang, Yifei, Stephen N. Hunyor, Lele Jiang* Osamu Kawagu- 
chf, Kazuald Shirota, Yoshlhiko Ikeda, Takeshi Yuasa, Gabrielle 
Gallagher, Biao Zeng, and Xing Zheng* Remodeling of the chronic 
severely failing ischemic sheep heart after coronary microemboliza- 
tion: functional, energetic, structural, and cellular responses. Am J 
Physiol Heart Ore Physiol 286: H2I41-H2150, 2004; 10.1152/ 
ajpheart.00829.2003.— -The mandatory use of pharmacotherapy in 
human heart failure (HF) impedes further study of natural history and 
remodeling mechanisms. We created a sheep model of chronic, 
severe, ischemic HF [left ventricular (LV) ejection fraction (LVBF) 
<35% stable over 4 wk] by selective coronary microembolization 
under general anesthesia and followed hemodynamic, energetic, neu- 
rohumoral, structural, and cellular responses over 6 mo. Thirty-eight 
sheep were induced into HF (58% success), with 23 sheep followed 
for 6 mo (21 sheep with sufficient data fdr analysis) after the LVBF 
stabilized (median of 3 embolizations). Early doubling of LV end- 
diastolic pressure. persisted, as did increases in LV end-diastolic 
volume, LV wall stress, and LV wall thinning. Contractile impairment 
(LV end-systolic elastance, LV preload, reeruitable stroke work, and 
dobutamine-responsive contractile reserve) and diastolic dysfunction 
also remained stable. Cardiac mechanical energy efficiency did not 
recover. Plasma atrial natriuretic peptide levels remained elevated, but 
rises in plasma aldosterone and renin activity were transient. Collagen 
content increased 170%, the type 1-to-m phenotype ratio doubled in 
the LV, but right ventricular collagen remained unaltered. Fas ligand 
cytokine levels correlated with expression of both caspase-3 and -2, 
suggesting a link in the apoptotic "death cascade/- Caspase-3 activity 
also bore a close relationship to LV meridional wall stress calculated 
from echocardiography: and intraventricular pressure measurements. 
We concluded that the stability of chronic untreated severe ischemic 
HF depends on the recruitment of myocardial remodeling mechanisms 
that involve an interaction among hemodynamic load, contractile 
efficiency/energetics, neurohumoral activation, response of the extra- 
cellular matrix, wall stress, and the myocyte apoptotic pathway. 

neurohormones; pressure- volume loops; contractile reserve and en- 
ergy efficiency; collagen and its phenotypes; wall stress and caspases 

the need Foft conttnuino pursuit of a suitable animal model of 
heart failure (HF) is highlighted by the difficulty in studying 
the underlying basic mechanisms and natural history in the 
human condition, confounded by pharmacological interven- 
tion. Previous emphasis on cardiorenal, hemodynamic, and 
neurohonnonal derangements has shifted toward remodeling 
and the role played by stretch-activated pathways, cytokine 



activation, and changes in cardiomyocytes and the extracellular 
matrix. , 

HF has previously been induced in several large animal 
species {e.g., dogs, calves, and pigs) using techniques that 
damage the myocardium, such as coronary microembolization 
(40, 42), rapid ventricular pacing (7), coronary artery ligation 
(29), progressive coronary artery occlusion with Ameroid con- 
strictors (1 1), or administration of cardiotoxic drugs such as 
adriamycin. Alternatively, volume loading the heart by cre- 
ation of an arteriovenous fistula or aortic regurgitation has also 
been used, as has pressure loading with aortic banding. From 
the human perspective, the most relevant methods are those 
that interfere with coronary blood flow to cause infarction or 
chronic ischemic damage. The principal advantages of the 
microembolization approach include homogeneity of damage, 
which is limited to the left ventricle (LV), ability to titrate the 
response, and potential avoidance of mitral regurgitation. In 
contrast to the other approaches, the microembolization model 
has also proven remarkably stable but is subject to the criticism 
that it lacks associated large coronary artery disease. Coronary 
ligation or constriction, on the other hand, fails to involve the 
small vessels that are commonly diseased in humans, espe- 
cially diabetics. 

We established a large animal model of severe HF that bears 
close resemblance to human ischemic cardiomyopathy (14), 
the most common cause of HF (9), and studied a cohort of 23 
animals for up to 6 mo. The sheep model showed remarkable 
stability. In a previous small series, we established the 
practicality of sequential selective coronary artery micro- 
embolization (13), examined the microscopic morphometric 
picture of remodeling (14), and studied cytokines and re- 
lated links in the apoptotic death cascade and theiT relation- 
ship to wall stress (15). 

With the use of a much larger cohort, the present sjudy 
extends the scope of previous findings (18, 33) and integrates 
hemodynamic, energetic, neurohumoral, extracellular matrix, 
wall stress, cytokine, and apoptosis-related responses in terms 
of remodeling and natural history in chronic, severe, untreated, 
ischemic HF. 

MATERIALS AND METHODS 

Sixty-five adult merino sheep of either sex with a body weight of 
47 ± 8 kg were used in a study protocol approved by the Institutional 
Animal Care and Ethics Committee. The animals received humane 
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care in compliance with the "Principles of Laboratory Animal Care" 
formulated by the National Society for Medical Research and the 
Guide for the Care and Use of Laboratory Animals (NIH Pub. No. 
86-23, Revised 1985). 

Study design. The animals were acclimatized for at least 2 wk 
before being enrolled in experiments that had two major components: 
selective intraeoronary microembolization (ICM) leading to HF and 
long-term (6 mo) profiling of hemodynamic, energetic, and neurohu- 
moral parameters. 

After the final (6 mo) dynamic profiling, the heart was harvested 
and cellular responses [Fas ligand (FasL)^as and caspases] to wall 
stress as well as extracellular matrix collagen levels and.phcnotype 
were assayed (Fig. I). . 

Hemodynamic assessment was performed at baseline, when HF 
was established, and again 3 and 6 mo later and included LV pressure 
(LVP), LV pressure-volume (P~V) relationship, and cardiac output 
(CO). LV volume, LV ejection fraction (LVBF), and LV wall thick- 
ness were derived echocardiographically. Neurohumoral studies ex- 
amined plasma atrial natriuretic peptide (ANP), angiotensin U, aldo- 
sterone, andplasmaxenin activity (PRA) on the day of, but before, the 
hemodynamic studies. 

Hearts from 16 sheep, including 11 sheep from the described HF 
group at 6-mo follow-up and 5 normal controls, were analyzed for 
collagen content and phenotypic change (Fig. 1). All surgical proce- 
dures were performed under anesthesia, which was induced by thio- 
pentone (15-20 mg/kg) and maintained with 1.5-2% isoflurane in 
40% oxygen using a respirator (model 8, Bird; Palm Springs, CA). 
Expired CO a was monitored with a POET II monitor (Criticare 



Systems; Milwaukee, Wl) and maintained at 30-35 mmHg. All 
heraooVnamic measurements/recordings were taken after at least 30 
min of stable anesthesia and at end expiration. Surgical procedures 
were performed under sterile conditions, 

Staged ICM, Microsphere delivery was guided by preprocedure 
echocardiography and by the response of the ECG and LV and arterial 
pressures that were monitored during the entire procedure. A Judktos 
(5-Fr) catheter was passed via carotid artery cutdown to engage the 
orifice of either the left anterior descending or left circumflex coro- 
nary artery. After the intravenous injection of 25 mg lidocaine, 
0.1-0.4 ml of 90-p,m polystyrene microspheres (2,54% solid latex, 
Poiysoiences; Warrington, PA) diluted in 2 ml of 0.9% saline were 
injected into the selected artery. The microsphere suspension was 
subjected to ultrasonic mixing and manual shaking immediately 
before the injection. In each procedure, the embolization was repeated 
until significant myocardial compromise was achieved as evidenced 
by changes in LV end-diastolic pressure (LVBDP), arterial pressure, 
and ECG S-T, The procedure was repeated every 2 wk, with the end 
point of microembolization being (he achievement of an echocardio- 
graphy LVEF <35%, stable for 4 wk. 

In a subgroup of sheep (n « 21), after baseline blood sampling, 
specimens were taken at 2, 6, and 1 8 h after ICM for measurement of 
plasma creatine kinase (CK). Postoperatively, pain was managed with 
intramuscular buprenorphine (Reckitt and Colman Products; London, 
UK), and heart rate (HR) and respiration were also closely monitored. 
Other medications such as supplemental potassium, intravenous furo- 
semide, nitroglycerine, and lidocaine were given as necessary. 



Fig. 1. Shu&p numbers (JV) at start, with heart failure (HF) at 
cnrolimont into study, and at 6-mo follow-up, including break- 
down of loss due to death. Also, composition of the subgroups 
reported and the number of coronary nucrocmbolizations (Era- 
bos) performed in the principal groups *r« shown. LVEF, left 
ventricular (LV) ejection ftaction. 
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LVEF, IV volume, and LV wall thickness measurement Echocar- 
diography was performed in the right lateral decubitus position using 
an Ausonics Opus I system (Ausonics; New South Wales, Australia). 
Standard LV short-axis views at the mitral, midpapillary, and apical 
levels, together with long-axis views, were recorded on videotape. LV 
areas measured from the transverse sections and the LV long-axis 
length were used to calculate LV end-systplic (LVBSV) and end- 
diastolic volumes (LVEDV) using the modified Simpson's rule for- 
mula. The inner endocardial margin defined the LV lumen and the 
LVEF was derived as follows: LVEF = (LV at end diastole - LV at 
end systoIeyLV at end diastole X 100%; LV thickness was measured 
from the M-mode recording at the midpapillary level. Results from 
three different cardiac cycles were averaged. 

CO and pressure measurement. CO was measured, in triplicate with 
a Swan-Ganz thermodiiution catheter positioned in the pulmonary 
artery using right atrial bonis injections of ice-cold 5% dextrose 
(model VGS 2, Baxter Healthcare). A Mikro-Miliar pressure trans- 
ducer catheter (Millar Instruments; Houston, TX) was advanced into 
the ascending aorta and then into the LV via cutdown on the carotid 
artery to measure arterial and LVP. Pressure signals were amplified 
(System 6, Triton Technology) and recorded on a Macintosh computer 
using a MacLab analog-to-digital converter (MacLab/16s, ADInstra- 
ments; New South Wales, Australia) at 200 Hz. The maximum raises 
of LVP increase (LV dP/dW) and decay (LV dP/df mjD ) were ob- 
tained by numerical on-line differentiation of LVP. Hie time constant 
of the isovolumic LV relaxation half-time (t) was calculated as the 
time taken for LVP to fall to one-half its level at peak LV dPAhmin 
(24). LV end-diastolic meridional wall stress (in dyn/cm 2 ) was cal- 
culated as l,333-IV/2ft(l + fc/2r), where P is the LVEDP (in mmHg), 
r is the internal radius (in cm), and h is the LV waU thickness (in cm). 
LV wall thickness was taken to be the average of septal and free wall 
dimensions (19). 

Central venous pressure was measured via the- atrial port of the 
Swan-Ganz catheter with a fluid-filled pressure transducer system 
(Ohmeda). Pulmonary vascular resistance was calculated as mean 
pulmonary. artery pressure X 80/CO (in dyms'cra"* 5 ). 

Myocardial contractility and contractile reserve. A 12-electrode 
7-Fr pigtail conductance catheter (CtodioDynamics; Leiden, The 
Netherlands) and a 5-Fr Millar catheter-tipped pressure transducer 
were positioned in the LV for measurement of LV volume and LVP. 
A 22-Fr balloon-tipped catheter (CV 1014 Fogarry Occlusion Cathe- 
ter, Edwards Lab, American Hospital Supply) was placed in the 
inferior vena cava via jugular vein cutdown for transient (15-20 s) 
inferior vena cava occlusion to reduce LV preload while the LV P-V 
relationship was recorded. Data were acquired by a Leycom Sigraa- 
5-DF signal conditioner processor (CardioDynamics) and recorded on 
an IBM personal computer. LV end-systolic elastanee (E„) and 
preload recruitable stroke work (PRSW) were used as load-indepen- 
dent indexes of LV contractility (1). These indexes were computed by 
commercial software (Carm^Dynamios). To study the cardiac con- 
tractile reserve, intravenous dobutamine (0.1 mg/ml) was irifused at 
incremental rates of 1 8, 27, 36, 45, and 54 ral/h. Each infusion rate 
was continued for 5 min until the HR reached 140 baaWrnin. 

External work (BW), potential energy (PE), and the P-V area (P-V 
area = EW + PE) were derived, and the ratio of EW7P-V area used 
to describe the. work efficiency of the normal and failing heart 
(35, 33). 

Neurohumoral studies. Venous blood samples were obtained (be- 
tween 6 and 8 AM and before sheep were feed) from an indwelling 
central venous catheter previously placed via the jugular vein. The 
samples Were chilled and centrituged immediately, and the plasma 
was stored at -70°C, Plasma angiotensin II was measured with a 
double-antibody RIA modified method usjng the Buhlmann Labora- 
tories 1125 RIA kit (Basel, Switzerland). The sensitivity of the 
measurement is 0.1 pg/ml with a recovery of 91.0 + 5.1%. Plasma 
aldosterone was assayed by a Sorin Biomedioa RIA kit (Saluggia, 
Italy) with sensitivity of 15 pg/ml. The ct-ANP assay in plasma used 



a classical RIA (competitive protein binding) in homogenous phase 
using the double-antibody separation technique specific for a-ANP, 
with a sensitivity of 7 p^ml (4). 

Myocardial collagen determination. In the 16 sheep (including 5 
normal controls) where myocardial collagen content and phenotype 
were assayed (Fig, 1), the heart was quickly removed and the great 
vessels and atria were dissected free after death by an intravenous 
injection of thiopentone and potassium chloride. The right ventricle 
(RV) and LV were separated, blotted dry, and weighed. Sections of 
the LV and RV free wall and the interventricular septum just below 
the papillary muscles were dissected, snap frozen in liquid nitrogen, 
and stored at ~70*C until analysis. 

Myocardial collagen content was quantified after hydrolysis of the 
tissues and incubation with Ehrlich's reagent solution (5), with ab- 
sorbency of the solution measured at 558 nm. Hydroxyproline content 
was calculated from a standard curve and expressed as micrograms 
per milligrams of dry tissue weight. Collagen content was derived as 
the hydroxyproline level X 7.46. 

Interrupted SDS gel electrophoresis (36) was used to assay colla- 
gen phenotype after 1 g of heart tissue had been homogenized and 
pepsin digested (23). The gels were then immersed in a stain solution 
composed of 1.25% Coomassie brilliant blue for 60 min and then 
destained. The protein bands eti (I) and at (HI) were quantitated by 
scanning at 570 nm. Because most fibrillar collagens have similar 
cross links, this approach assumes that a-chains alone can be used to 
characterize collagen type I and III phenotypes and that proportions of 
jj- and 7-chains are similar. 

Expression of Fash and caspases-8, -3, and -2, The protein ex- 
pressions of FasL and caspases were determined by Western blotting 
as previously described (15, 16). Briefly, protein extracts from the 
sheep LV were separated by SDS-PAGE. After the proteins were 
transferred onto a polyvinylidene difluoride membrane, FasL or 
caspases were probed using primary antibodies from Santa Cruz 
Biotechnology (Santa Cruz, CA). Positive controls of cell lysateswere 
from Transduction Laboratories (Lexington, KY). The antibody-la- 
beled bands were visualised using the NEN BLAST method (NEN 
Life Science Products; Boston, MA). Laser scanning densitometry 
was used to determine volume densities (in arbitrary units) of the 
bands detected by the corresponding antibody. 

Determination of caspase activites. The caspase activity assay was 
performed as previously described (15) using a fluorescent 7-araino- 
4-lrifluoramemycoumarin (AFC) substrate/inhibitor Quanu'Pak (Bio- 
Mol; Plymouth Meeting, PA). With the use of this technique, a linear 
correlation of/t» * 21.9* - 3.1 was found between the change in 
fluorescence intensity due to the cleavage of the AFC fluorophore 
from the substrates by the corresponding caspase activity. 

Statistical data analysis. Data are presented as means ± SD unless 
otherwise stated. Comparison of hemodynamic parameters was per- 
formed by the appropriate one-way ANOVA, followed by a post hoc 
r-test A P value <0.05 was considered statistically significant. 

RESULTS 

Etffect of stepwise coronary microembolization. Myocardial 
damage due to intracoronary injection of microspheres was 
evidenced by acute ECG changes and a peak increase in the 
CK level at 6 h after the procedure (Fig. 2A). The baseline 
LVEF of the 65 sheep was 58.7 ± 6.9%. Of these 65 sheep, 38 
sheep were successfiilly induced into HF with a LVEF de- 
crease of 50% (58.3 ± 7-4% at baseline vs. 29.1 ± 4.4%atHF 
establishment). The LVEF remained stable when reexamined 3 
mo (n = 19 of 38 sheep) and 6 mo (« » 21 of 38 sheep) later 
(Fig. 2B). 

Echocardiographic parameters and calculated LV wall stress 
are detailed in Table 1, LVEDV increased 73% with the 
induction of HF and remained 55% above baseline, LV end- 
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Fig, 2. A: scrum creatine kinase response to successive intracoronary rnicro- 
embolizations. The "peak" sample was taken 6 h after the injection of 
microspheres. B. change in LVEF after microembolization. HF is considered to 
be established when there is a decrees© of LVEF to <35% persisting for 4 wk 
after the last microembolisation. C: success rate of HF induction and causes of 
early death from nucroemDolization. Note the improved success rate with time 
and experience, especially in relation to procedural deaths. n, No. of animals. 



diastolic diameter showed a stable 30% increase, and stable 
thinning of the LV wall was observed. Accordingly, LV wail 
stress increased markedly in response to the embolization- 
induced HF and remained elevated. 
Between 1 and 10 embolization procedures (median 3, total 
. of 149 in 38 sheep) were needed to induce HF, Sixty-five 
procedures involved microsphere injection into the left circum- 
flex coronary artery, 56 procedures into the left anterior de- 
scending coronary artery, and 28 procedures into the left main 
coronary artery, with median doses of 0.4 ml (range 0.1-1 ml), 
0,5 ml (range 0.1-1.7 ml), and 0.5 ml (range 0.1-0,9 ml), 
respectively. The total volume needed to induce HF was a 
median of 1.6 ml (range 0.5-5.95). 

Twenty-seven sheep died before HF could be established 
(Fig. 1). Their baseline LVEF (59.1 ± 6.6%) did not differ 
from those who attained HF status. The total volume of the 
microsphere suspension injected in mis group was a median of 
0.8 ml (range 0.3-3.7 ml). The causes of death in these animals 
were as follows: ventricular fibrillation in 10 sheep, severe 
acute HF in 12 sheep, sudden cardiac death when not moni- 
tored in 3 sheep, and lung infection in 2 sheep. The 10 
instances of witnessed ventricular fibrillation occurred intraop- 
eratively shortly after microsphere injection, whereas most of 
the fetal acute HF episodes (8 of 12) occurred postoperatively 
(>24 h after surgery). The latter subgroup may represent 
animals with severe HF who died before hemodynamic con- 
firmation of their status. In the other one-third of severe acute 
HF cases, the condition manifested within 24 h of microem- 
bolization, either at the induction of anesthesia or immediately 
after injection of microspheres. Three sheep died suddenly 
without a definitive diagnosis of cause of death; these were 
classified as "sudden cardiac death." Two other sheep died of 
postoperative pneumonia (4 and 16 days after surgery) resistant 
to antibiotic treatment. 

Fifteen sheep in the HF group died prematurely before the 
projected 6-mo follow-up (Fig. 1). Ventricular fibrillation (4 
intraoperative), acute HF (2 intraoperative and 1 immediate 
postoperative), high-grade intraoperative atrioventricular con- 
duction block in 2, and postoperative sudden cardiac death in 
2 were the causes of mortality. Conditions such as loss of 
appetite (2 animals), respiratory obstruction (1 animal), and 
bad general condition (1 animal) were other causes of death. 
The success rate of HF induction increased with experience 
(Fig. 2Q. Animals dying before HF establishment were noted 
to have higher LVEDP during the last procedure (18 ± 6 
mmHg, n « 21) compared with those that achieved HF status 
(15 ± 6 mmHg, n ~ 38, P < 0.05). 



Table 1. Time course of echocardiography; findings in heart failure sheep 



Heart failure 



EsUtblishrasot 



3 mo 



6 me 



LVEDV, ml 
LVW,cm 
IVS, cm 
LVED1D, cm 

LVEDW stress, q-yo'cm- a '10 3 



82±24(38) 
0.8 (0.7-0.9) (37) 
0.9&0.2 (37) 
4.3 ±0,6 (37) 
14.6+10.6(35) 



143+36* (38) 
0.6(0,5-0.8)* (38) 
0.7S0.I* (38) 
5.6±0.6* (38) 
5«.4±26.8* (38) 



137^30* (18) 
0.7 (0.6-0.7)* (17) 
0.7±0.2*(17) 
S.5±0.6*(17) 
55.3±26.9* (17) 



127±24* (21) 
0.6 (0.6-0.8)* (21) 
0.7±0.2*(21) 
5.6±0.5*(2l) 
55.7±4I.4*(21) 



Values arc means ± SD; nos. in parentheses are nos. of sheep. LVEDV, left ventricular (LV) end-diasiolic volume; LVW, LV free wall thicknws (data are 
J^Z^L^Zm^ZI^.^ percentile*)?^, interventricular septum thickness; LVED1D LV end-diastolic 

^s^LVeon^^ followed by Duntfs test *P <0.05 

compared with baseline. 
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Hemodynamic and neurohumoral changes. With the estab- 
lishment of HF, LVEDP had doubled from baseline (Table 2). 
This change was maintained to 6 mo, although a trend for 
LVEDP to decrease was observed. In HF sheep, the cardiac 
index was reduced by 16% and stroke volume by 20%, and no 
improvement occurred during the entire 6-mo period Myocar- 
dial contractile function was compromised in the HF animals 
(Fig. 3), as shown both by load-independent indexes such as 
(40% decrease) and PRSW (49% decrease) and also by the 
load-dependent index LV dP/dW (35% decrease). The com- 
promised contractile function showed no improvement with 
time. LV diastolic function also deteriorated, as indicated by a 
41% increase in t and a 40% decrease of LV dP/d^ jn . These 
changes were maintained over the study period. The HR under 
anesthesia was no different after the .onset of HF. The early 
decrease of LV systolic pressure at the time of HF establish- 
ment was subsequently largely reversed. 

After dobutamine infusion, when the HR had reached 140 
beats/min, the LV P-V relationship was again established and 
Ecs was analyzed, Dobutamine increased significantly in 
both baseline and HF conditions. However, in HF animals, the 
Ea resulting from dobutamine stimulation did not exceed the 
original unstimulated value (Figs. 3 and 4A). 

PE of the LV increased slightly but not significantly after HF 
had been established (from 2,434 ± 913. to 3,184 ± 920, 
2,976 ± 1,441, and 2,972 ± 746 mmHg-ml at 0, 3, and 6 mo, 
respectively). The work efficiency (EW/P-V area) of the failing 
heart was significantly decreased at each of the time points 
studied (Fig. 4B). 

Figure 5 shows neurohumoral changes in response to HF and 
their progress over the next 6 mo. ANP was significantly 
increased by HF and remained so for the 6-mo observational 
period. When ANP levels were matched with right atrial 
pressure over the 6 mo, a significant correlation was observed 
(Fig. 6). Plasma aldosterone levels, on the other hand, rose 
sharply but returned to normal by 6 mo. The increase in PRA 
was even more short lived, showing only a remaining trend 
toward increase at 3 mo (P = 0.08). Plasma angiotensin II was 
not changed. . 

Myocardial collagen changes. The total collagen content of 
the L V in HF animals was increased by 1 70%, whereas that in 



the RV remained unchanged (Fig. 7 A). Analysis of the collagen 
subtypes showed a twofold increase in the type I-to-type in 
collagen ratio in HF sheep, again confined to the LV (Fig. IB), 
An inverse relationship between LV total collagen content and 
LVEF was established (Fig. 7Q. 

Expression of FasL and expression and activities of 
caspases-8, -3, and -2. A close relationship was found between 
myocardial FasL expression, the ligand that couples to Fas, the 
death receptor, and caspases-3 and -2, which together with 
other members of this group are held to be responsible for the 
execution of apoptosis (Fig. %A). A close relationship was also 
seen between the activities of the upstream protease caspase-8 
(a member of the group 2 easpases responsible for the initiation 
of apoptosis) and caspase-3 (Fig. &0) and between level of 
caspase-3 expression and LV wall stress (Fig. 8Q. 



A chronic ischemic model ofHF. Understanding caidiorenal, 
hemodynamic, and neurohormonal derangements in HF has 
provided substantial benefits (17, 20), but emphasis has shifted 
to remodelling and the role played by stretch-activated path- 
ways, cytokine activation, and changes in cardiomyocytes and 
the extracellular matrix (8, 12, 31). A realistic animal model of 
chronic HF can provide insights into mis complex interplay of 
factors. Our ovine model uses stepwise selective coronary 
microembolization and has hallmarks of the most common 
type of severe HF in humans (14). It results in LV dilatation, 
deterioration of systolic and diastolic function, changes in 
fibrillar collagen, and neurohumoral activation. It shows in- 
creased wall stress, enhanced cytokine activity, and activation 
of the caspase pathway with a possible effect on apoptosis. We 
report on 2 1 untreated sheep followed for 6 mo with severe HF. 

HF is a major cause of morbidity, mortality, and expenditure 
(30). After the initial pathological insult, there is neurohumoral 
activation and remodeling of the LV, including changes in 
interstitial collagen and continued loss of myocytes (20). 
Therefore, a model that traces this path aids in the understand- 
ing of pathophysiology and development of new treatment 



Table 2. Time course of hemodynamic changes 



3 mo 



LVEDP, ramHg 
LVBSP, mruHg 
LV £*, mmHg/ml 
LV PRSW, ramHg 
LV dP/d^, mrnHg/s 
LV dPAfcptn, nmaHg/s 
CK, I'nr'mto- 1 
SV, ml 

HR, beats/mm 
*r, ms 

RAP, mxnHg 
PulVR, dyn'S-cm" 5 



7.2+3.9(38) 
91.6+15.9(37) 
2.1740.77(13) 
' 74.4+28.8(13) 
1,278+346(37) 
1,815*447(37) 
3.23+0.67(25) 
77.5±I7{25) 
97±12(25) 
27+7(13) 
3 ±4.6 (19) 
887+279 (17) 



15.4+5.8* (38) 
78.4±12.4* (360 
1.31 ±0.28* (13) 
38.1 ±13.3* (15) 
829 ±242* (36) 
1,062+264* (36) 
2.63±0.76*(25) 
62.7±15.4»<25) 
94±12(25) 
38±7(13)* 
6.1+4.1(21) 
980±272(22) 



13.2+5.6* (20) 
83.7±13.4(19) 
1.47+0.4* (12) 
47J±17.3* (13) 
820±177* (19) 
1,255 +281* (19) 
2.7+0.51*(l9) 
63,8±14.3* (19) 
97±ll(!9) 
37±5 (13)* 
6,8±3* (18) 
971 ±258 (18) 



12.6+6.5* (21) 
83.8±12.7(20) 
1.42+0.38* (13) 
47.4+15.8* (13) 
830±268*(2I) 
1,2I5±328* (21) 
2.70±0.52*(20) 
62.1±13.2*(20) 
100±17(20) 
37±9(13)* 
8.1 ±4.3* (19) 
885+174 (18) 



Values are means ± SD; hob. in parentheses arc nos. of sheep. LVEDP and LVESP, LV cnd-diastoltc and end-systolic pressure; LV £U LV Midsystolic 
clastance; LV PRSW* LV preload rccroilable stroke work; LV dP/dfmw and LV dP/d/^, first derivatives of LV pressure rise and decay; CI, cardiac index; SV, 
stroke volume; HR, heart rate; t, time cbnsSant of LV pressure decay; RAP, right atrial pressure; PulVR, pulmonary vascular resistance. *P < 0.05 compared 
with baseline. 
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Fig. 3. Representative LV pressure-volume (LVP) loops of a 
sheep in response to .a transient reduction of preload resulting 
from brief inferior vena cava occlusion. A: establishment of HF 
caused a marked rise in heart volume and end-diastalic pressure 
and a decrease in and end-systolic pressure. LV end-systolic 
elastance (&») decreased from 2.1 to P. B\ dobutamine in- 
creased baseline LV to 4.3. However, when the failing heart 
was dobutamine stimulated, its LV £ w approached only the 
baseline nonstiraulated level (1.7), indicative of a decrease in 
the contractile reserve. Note that the dais shown here should 
bo seen in the context of data displayed in Fig. 1 and Tables 1 
and! 
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The sheep in this study demonstrated a persistent decrease of 
stroke volume (20%) and the eardiac index (16%) (Table 2), a 
characteristic not consistently reproduced by coronary ligation 
or single microembol&ation. There was also LV dilatation, 
global impairment of wall movement, and thinning of the LV 
wall (Table 1). LVBF remained below 30% during the study 
(Fig. 25). Our previous work suggests that these changes result 
from myocyte loss due to necrosis, possible myocyte slippage 
(14, 41), and ongoing apoptosis (15). There was also evidence 
of myocyte hypertrophy (14) and localization of FasL to the 
intercalated discs, where adjacent cardiomyocytes transmit 
mechanical stress. These "compensatory" changes are detri- 
mental, causing increasing myocardial oxygen consumption 
and reduced energy efficiency (35). Our findings also suggest 
that increased wall stress may activate the apoptosis signaling 
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Fig, 4, Ax effect of dobutamine infusion with stable chronotropic response 
(heart rate of 140 bc&s/rain) on LV B m hi the norma! and the microembolized 
filing heart at various time points. *P < 0.05 comparing with and without 
dobutamine; **P < 0.05 compared with dobutamine baseline. B: effect of 
micmembolization -induced HF on mechanical energy efficiency over 6 mo. 
BW, external work; PVA, r«essure-volume area, *P < 0.05 compered with 
baseline, w, No. of animals. 
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Fig. 5. Plasma neurohumoral changes at various times after the establishment 
of HP. A: atrial riatrroretic peptide (ANP); B: aldosterone <AIdo); O. plasma 
renin activity (PRA); iX* ANG II. * P < 0.05 compared with baseline, n, No. 
of animals. 
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Fig. 6. Relationship between right atrial pressure (RAP) and plasma ANP 
levels over 6 mo after HF induction (ANP = $8.5 + 7.76 X RAP, r 3 - 0.504, 
P < 0.01). 



cascade involving the interaction of the FasL/pasL complex 
with procaspase-8 (15, 37). The lack of deterioration in the 
majority of our untreated sheep lends support to the heart's 
potential for myocyte regeneration (2). However, the early 
deaths suggest that the capacity for remodeling and cellular 
regeneration may vary. 

We measured wall stress rather than myocyte stretch but 
consider them to be interchangeable with respect to cellular 
responses. In vivo wall stress may have advantages because 
it integrates the extracellular matrix with the cytoskeleton 
via integrins, which are believed to be important stretch 
mediators (8). 

Sheep have advantages over dogs, which have an extensive 
coronary collateral supply and much faster HRs than humans. 
Our HF model also contrasts with those involving large myo- 
cardial infarcts by producing numerous tiny infercted and 
peri-infarct zones leading to relatively homogeneous wall 
stretch. 

ANP peaked after 6 mo, whereas aldosterone and plasma 
renin activity (but not angiotensin II) showed an early rise 
before declining. This raises the possibility of varied time 
courses of response of different stretch-sensitive mediators or, 
alternatively, variation from the extent and homogeneity of 
stretch distribution. Alternatively, the stretch response in the 
architecturally complex myocardium may be directionally sen- 
sitive, exerting a favorable influence on gene reprogramming. 

This study is the first to effectively characterize LV contrac- 
tility in large animals with chronic, untreated, severe HF and 
shows significant impairment of native contractility (LV JSU 
and LV PRSW) and contractile reserve (Table 2). Previously 
abnormalities of the cardiac force-frequency relationship and 
response to' exogenous ^-adrenergic stimulation were demon- 
strated in patients and experimental animals with HF (27, 42). 
We achieved a constant HR of 140 beats/min with dobutamine 



to exclude the Bowditch phenomenon and found increased LV 
E m in the normal but not failing heart (Fig. AA). This is 
consistent with a disordered sympathetic drive resulting from 
reduced cardiomyocyte adenylate cyclase activity (22) and 
downregulation of adrenergic receptors (3, 10). 

Myocardial energy efficiency (EW/P-V area) decreased 
with chronic HF, indicative of an energy-wasting state (Fig. 
4#). In contrast, in a canine model of ischemic HF, it did not 
change (37). 

Plasma ANP levels peaked at 6 mo (Fig. 5), indicative of 
a continued rise in wall stretch (Fig. 6). On the other hand, 
PRA and aldosterone rose when HF was established and 
then declined. However, no increase of plasma angiotensin 
U was observed, in contrast to a recent coronary ligation 
model of HF (29). 
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Fig. 7. Changes in myocardial collagen content (A) and phenotype ratio (B) in 
normal sheep (#i « 5; open bars) and fr*mo post-HF sheep (n == 11 ; hatched 
bats). *P < 0.05 compared with normal control. C relationship between LV 
myocardial collagen content and tVEF. r* - 0.79, P < 0.000! . 
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Fig. 8. Interrelationships between expression and activity of different myocar- 
dial caspases, LV wall stress* and Fas Hgand (FasL) levels. A; the levels of 
protein expression of both easpaso-2 (o) and caspase*3 (•) are correlated with 
the cytokine FasL expression (easpase-2 « 2.9 X FasL + 764, ** m 0.84; 
caspase-3 ■» 0.93 X FasL - 155,/* = 0.77; « «• 8 sheep and n ■ 32 samples). 
B: activity of the upstream caspase-8, initiator of the apoptotic "death cas- 
cade," is proportionally related to the activity of the downstream executor 
caspas©-3 (caspase-3 activity ■ 1.221 + 0.755 X caspase-8, #* — 0.78, n » 8 
sheep and n ~ 32 samples). C: eespase-3 expression shows a linear corre- 
spondence with LV wall stress (caspasc-3 - 8.3 x LV wall stress + 650, r 1 
« 0.84, n - 7 sheep and n - 28 samples). 

Changes in the extracellular matrix (the "myocardial skele- 
ton") are important to the pathophysiological processes that 
drive the development of HF (25, 28, 39). Matrix me&llopro- 
teinases (MMPs) and their tissue inhibitors are differential 
expressed in the failing hearts of humans and pigs, in a pattern 
favoring matrix degradation and turnover (34, 39). We previ- 



ously reported replacement as well as interstitial fibrosis in this 
model (14) and now confirm that both content and phenotype 
of myocardial fibrillar collagen remain altered over 6 mo, with 
a more stiff type I phenotype (Fig. 7). As collagen content, 
increased, both systolic (LVEF) and diastolic (t and LV 
dP/d/jnin) LV function deteriorated. 

Neurohumoral activation causes cardiac dilatation and ECM 
remodeling with increased collagen turnover and breakdown of 
the normal collagen network (21, 26). Such disruption may 
result from catecholamine and aldosterone triggered transcrip- 
tion of mRNAs for MMPs. Dispersed interstitial fibrosis can 
also result from enhanced angiotensin II activity, which is the 
basis of some of the beneficial effect of HF treatment with 
angiotensin-converting enzyme (ACE) inhibitors, and p-adren- 
ergic and aldosterone antagonists. Such treatment has demon- 
strated a protective effect in those with LV dysfunction even 
before heart failure supervenes (6). 

This sheep model has the advantage of a clear ischemic 
etiology that is common in humans, although there is no 
occlusion of the principal coronary trunks. The sheep's size 
makes it suitable for multiple diagnostic and therapeutic strat- 
egies, and it has consistent coronary anatomy, with the left 
coronary artery and coronary sinus responsible for over 90% of 
LV blood supply and drainage. Also, similar to humans, sheep 
have few collaterals, rendering the effect of embolization 
predictable and the study of LV myocardial metabolism more 
. reliable than in dogs. The sheep did not require medication 
during the 6~mo observation and study, ensuring homogeneity 
and stability and allowing investigation of basic mechanisms 
and interventions. 

Method of induction and natural history of HF. Despite 
diverse* methods of inducing HF, such as coronary artery 
ligation, coronary embolization, fast ventricular pacing, and 
myocardial intoxication (7), only the first two mimic the most 
common human etiology. However, coronary ligation requires 
thoracotomy, produces ventricuar dysfunction that is segmen- 
tal rather than global, and frequently causes mitral regurgita- 
tion. Also, the ventricular damage cannot be titrated. 

Microsphere injection to induce heart attack in dogs has 
involved aortic root injection, selective coronary artery deliv- 
ery, and refinement with repeated injections (32). There are no 
previous data on microsphere dose needed to induce stable, 
severe, chronic HF in sheep. 

The only previous study of the longer-term hemodynamic 
and neurohumoral course of experimental severe HF in large 
animals is that of Sabbah et al. (32), who followed 15 dogs for 
an average of 3 mo (range 7-19 wk) after coronary emboliza- 
tions. This corresponds to 2 mo after the establishment of 
stable HF in our sheep. Our study extends over a threefold 
longer period and also examines cardiac contractility and 
energetics. The extensive coronary collateral supply in dogs 
required greater doses of microspheres (~2 ml during each of 
the first 3 embolizations and 3-6 ml subsequently) compared 
with our total of 1 .6 ml on average. The myocardial damage in 
our sheep appears similar (LVEF was 29% at the establishment 
of HF, corresponding to 26% in dogs 1 mo after the last 
embolization). However, whereas in sheep the LVEF remained 
stable over 6 mo, in dogs it continued to decline to 21% over 
2 mo, although the fall in the cardiac index was identical. 
Contrary to expectation, LVEDV in dogs continued to increase 
on follow-up despite the extensive collateral supply, whereas 
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our sheep showed a peak increase of LVEDV by 75% at 1 mo, 
which declined to 55% at 6 mo. This finding may relate to the 
higher mortality in our sheep (59% of 65 sheep were induced 
into stable HF, of whom 55%, but only 32% of the original 
candidates, survived to 6 mo compared with the overall 30% 
mortality in dogs at 2 mo equivalent follow-up), due to earlier 
death in the more severely affected animals. One notable 
difference was the absence of mitral regurgitation in sheep, 
underscored by the absence of atrial fibrillation, whereas 26% 
of the dogs had this arrhythmia. 

Stepwise coronary embolization causes repeated myocardial 
infarction and therefore poses a high mortality risk. Our expe- 
rience shows that ventricular fibrillation and acute LV failure 
are major causes of mortality, accounting for 37% and 44%, 
respectively, of the deaths before stable, severe HF could be 
established. Reduction of intraoperative ventricular fibrillation 
was achieved by immediate correction of critical hypotension 
(blood pressure <60 rnmHg systolic), administration of pro- 
phylactic lidocaine, and use of adequately mixed body temper- 
ature microsphere injectate. The quantity of beads injected in 
any one procedure was based on preoperative echocardio- 
graphic LV function and intraoperative arterial pressure and 
LVEDP. We found that intraoperative LVBDP, with a cutoff of 
20 mmHg, was a reliable predictor of postoperative acute HF 
and the resulting mortality. The success rate of HF induction 
doubled and intraoperative procedural death declined threefold 
with the adoption of such precautions (Fig, 2Q. Death among 
animals after HF establishment occurred mostly during anes- 
thesia performed for hemodynamic assessment 

Potential shortcomings of this model It is recognized that 
damage is confined to the LV myocardium in the sheep HF 
model described in the present study and that the model does 
not include disease of large coronary arteries, nor are the 
animals affected by concomitant disease. It is likely that 
early deaths occurred in animals with severe myocardial 
damage, and thus the surviving cohort was self-selected. In 
an earlier microscopic morphometric study (14), we showed 
good correlation between microsphere count and replace- 
ment fibrosis. Also, the diffuse, small microinfarctions make 
precise localization and study of the peri-infarct zones 
virtually impossible. However, the advantages of this model 
outweigh these shortcomings and allow the methodical pur- 
suit of pathophysiological mechanisms and assessment of 
various treatment strategies. 

In conclusion, the ovine HF model produced by stepped 
coronary embolization mimics severe HF in humans with 
respect to etiology, hemodynamics, arid neurohumoral activa- 
tion, histology, changes in the extracellular matrix, and ven- 
tricular remodeling. It provides insights into potentially dam- 
aging cytokine activation and the resulting cellular mecha- 
nisms of injury leading to apoptosis. It integrates knowledge of 
cellular processes with the hemodynamic and structural 
changes that express themselves in altered wall stress. The 
stable nature of the untreated HF is consistent with a delicate 
balance between apoptotic cardiomyocyte death, perhaps trig- 
gered by myocardial wall stress, and myocyte regenerative 
capacity coupled with other compensatory mechanisms. The 
model appears suitable for the investigation of HF, including 
its cellular and molecular basis, and for the development and 
testing of medical and surgical interventions. 
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j or older subjects. These data suggest mat vasoconstriction to the Kidney occur* during 
Mon o( the otolith organs in young out not older humans. Together with our previous 
|s..we conclude mat otoiimic activation elicits a diverse patterning of sympathetic outflow 
^results in rtatsrogenous vascular responses In' humans and mat these responses are 
^attenuated in older humans. 



I D*61 2+9926652 i P . 02 

Abstracts From Scientific Sessions 2004 111-201 

reduction in survival at 4 weeks as compared towTHF mas. We cfflt cjuefr mO-1 upregutaiion 
in the failing heart serves as a cardioprotective mechanism thai counteracts the d«trimemal 
process of LV remodeling, and reduces myocardial hypertrophy, oxidative stress, and 
inflammatory activation. Upreguletkm of HO-1 may represent an Important therapeutic 
approach in chronic HF. 
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srve Serial Quantification of Minimal Aortic Arch Cross-Sectional 
^Migh-ReeolutlOft 3D-MRI After Transverse Aortic Banding in Mica: 
amalization is a Major Source for Variability of the Hypertrophic 



tale, Jiirgen E Schneider, Karen Humert, Michlei ten Hove, Paul J Cassidy. Kieran 
' \ Neubauec Univ of Oxford. Oxford, United Kingdom 

j aortic constriction <TAC) is increasingly used as a murine model ol lert venuicular 
y and failure, however, there is extensive variability in me hypertrophic response. We 
i that this may be dug to variation in trie minimal, aortic arch cross-sectional area 
landing. Forty-three mice underwent TAC with a 7-0 polypropylene suture, of 
'Were identified by eehewdiography as resistant to heart failure, with initial left 
^hypertrophy thai hatted or regressed over time. Seven of these were studied 
Vend were found to have internalized the hand resulting in alternative pathways for 
Jjri a prospective study we followed 1 2 mice after TAC lor 6 weeks. Using, a new high 
>Mfll memod we developed to measure CSA in vivo, 3/12 mice were found to 
#gn'rf icam increase of sonic CSA after initial successful banding (Table), which was 
(Jly confirmed by post mortem dissection. Thesa mice had intemalizsd the band 
jorifc lumen and, by week 6, showed significantly less LV hypertrophy and better 
|ctipn. Band iMematrasiion ccukt Oe entirely prevented when two banding sutures 
M'side»by«side (n~10). This is me first observation mat a significant subsot of 
Rpwlng TAC, bypass me stenosis resulting in partial regression of hypertrophy. As It 
|oow a particular genetic modification may affect band internalization, we suggest 
^studies using TAC should quantity this phenomenon in each new mouse strain. 
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ase-1 is Cardioprotective In the Remodeled, Failing Heart 

pOrtinee, Univ Med Ctrof Louisville and Louisville VAMC, Louisville, KY: Sanjay 
iMAed Ctrof Louisville, Louisville, KY; Jianzhu Luo;Univ Med Ctrof Louisville 
3«MC. Louisville, KY; Gregg Rokoah, Yu-Ting Xuan, Univ Men Ctrof Louisville, 
0 Prabhu; univ Med Ctrot Louisville and Louisville vaMC, Louisville, 

jfr&eme oxygenase-t (HO-1) is an integral component of the cellular stress 
J H HO-1 induction is acutely cylopfotective, nothing is currently known 
fiophysiologic role of MO-1 in the long-term myocardial remodeling 
m failure (HF). we tested Ihe hypomesis theHO-1 upreftuiation in me failing 
gi adaptation mat mitigates pathologic left ventricular (LV) remodeling. Large 
TWeaOy permanent coronary ligation In wlto-type (Vvif) mice (n - 22) and 
^ Sham operation was also performed in WT control mice (n « 10). 
goenlly followed lor 4 weeks during the development of post 'infarction LV 
j^rd^raphft and morphometric analysis revealed mat compared to WT 
mm stgiKticanl (p < 0.05) iv dliataUon (end-dtastolic diameter [EOD] 4.2 
EjWfc W syndic dysfunction {fractkmel area change[FACJ 33 + 9 vs. 53 
^Phy.fLV/body weightniWJ ratio 3.83 ± 0.3S vs. 3.38 ± 0.04|. Western 
J-wd tease in HO-1 abundance in WT HF (p < 0,05), without change 
~form MO-2, immunostainlng for protein-maloooi9ia^yde{MOA) adducts 
j suhunit of nuclear factor^-kB revealed thai immunoreactirily was 
13.7 fold, respectively, in WT HF hearts as compared to WT snam (p « 
l5od owdative stress and inflammatory activation. In comparison to WT 
s. demonstrated significant <p< 0.05) increases in: i) LV dilatation {EDO 
^stohc dysfunction, 2) LV hypertrophy (LV/8W ratio 4.34 + 0.41, p < 
gfi (? a-told gre-aser protoin MDA immunarcoco'vhy), and A) inflammation 
tl Nf-kB immunoreaciivfry). H0-> HF mice also demonstrated a 44% 
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Vagal Nerve Stimulation 2nd Acetylcholine Protect Cartfiomyocytes from 
Acute Ischemia and Hypoxia through Non-Hypoxic Induction of 
Hypoxia-inducible FactoMa 

Yoshihiko Kakinuma, Masanori Kuwabaia, Yoshinori Doi. Motonori Ando. Takayuki Seio; 
Kochi Med Sch, Nankoku, Japan 

Inxroductioru h hss been reported mat me electrical stimulation of me vagal efferent nerve has 
markedly improved survival of myocardial ischemia in experimental studies. However, a 
mechanism for the beneficial effect of vagaJ stimulation remains atW unclear. In the present 
study, we examined the cellular mechanism via hypoxia-inducible factor (HIF)-1a, which is a 
master transcriptional factor responsible for regulating a line of genes supporting cell survivaL 
Methods: To ciarHy me effect of vagal elf&rent stimulation on eardiomyoc^es. we investigated 
the effect of the neurolransmitter ACh on HIF-1«t ktduction using rat primary cultured 
cardiomyocytes and ventricular immortafeed cardiomyocytes, M9c2 cells, under the normoxic 
and hypoxic conditions. We also examined the effect of vagal stimulation on HIM* induction 
in me ischemic rat heart. Reaurta! ACh increased ihe protein level of HIMir in cultured 
cardiomyocytes and H9c2 ceils through post-tranacriptionat regulation. It was identified by 
actlnomycin D, which did not reduce me protein level of HiF-la. ACh increased me 
phosphorylation of Akt/ whteh ie a Wna&e responsible for me signal of cali survival, and was 
inhibited by a P13K inhibitor, wortmennin as well sea muacsarinic receptor antagonist', atropme. 
Wortmannln also inhtb'rted induction of HiF-1o by ACh. The 12-hour hypoxia induced decrease 
in mitochondrial membrane potential -A/as snhferted by ACh, and ACh also inhibited the 
activation of easpase.3 by hypoxia. It resulted in protection of eardiomyocytefi from hypoxia, 
probably due to dual induct/on of HIF-1 ct through ACh and hypoxia. Finally, even in the whc& 
heart it was revealed that induction of HF-1* was elevated in me myocardial imracted heart 
with vagal nerve stimulation, and that the stimulation reduced me intarct-area compared to mat 
of me non-stimulated infracted heart (fii.5=r4.6 % in vagal stimulation ve 40.9±2.S % in 
non-stimulation, P<0.05). Conclusions: ACh, a neurotransmitter of me cardiac vagal efferent 
fibers, plays an important rote in protecting ce^omyocytes during ischemia and hypoxia via 
me AW-NlF-ia pamwey whn me direct action. 
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0-3 Adrenergic Signaling ia Impaired in.tfce ot/ob Mouse Model of Ohestty 

LW A Barouch, ShaKit A Khan. Kwang-no Lee. Shubha V Ra]u, Khaifd M Minhas, Alexander 
C Phan, Dan E Bertcowftz; Johns Hopkins Univ Sch of Med, Baltimore, mo 

eackoround: The 03 adrenergic receptor (AR) negatively modulates p-adrenergic signaling in 
me heart and is dependent on (eptm signaling for normal expression levels in adipose tissue. 
Furthermore, we have shown mat me leotin signaling pathway possesses a<ttJ- hypertrophic 
properties in me been. Accordingly, we tested me hypothesis met /jjSAA signaling is diminished 
in leptin-deficiBM o&ob mice, and mat /33AR deficiency Jsads to esKdiac hypertrophy and heart 
taHure. Methods and Results; We stuc'ied coUagenase-digested Isotassd myocyiee (n-i-3 
hearts, 6-11 cells each) from WT, f!&\ end o&ob mica whh me /53-speerfic «gonist 
8RL37344 (10' 7 M). BRL prodiiced dnsa-dependant uihibhlon of sarcomere shortening 
(-333:5%, P<0.05) and calcium transterrts (-17x3%, P<0.05) in WT myocytes. The inhibitory 
effect of BRL was completely abolished in sarcomere shortening of oMob myocytes, wrrn a 
paradoxical Increase in the calcium transient (+30312%, p<0.05), consistent with impaired 
03 signaling in 00/00. As a control experiment* we confirmed me absence of BRL response in 
£3* myocytes (sarcomere shortening Ot6%; calcium transient +9±4%, P-^-MS for bom). To 
determine the mechanism of decreased Bftl response in 06/00, we performed quantitatlva 
PCft, which showed a 1. 6-fold downreguiaoon in $2 mRNA expression in 00/00 (n«s5) 
compared to control (n«6). Since we had p/evjously observed left venuicuiar hypertrophy in 
00/00 mice, we tested the prediction that j33 deficiency would result in aga-retaad hypertrophy 
by performing echocardiography on young (n~4, 10 morrths old) and oW (n«4, 21 months Old) 
mice. Old animals had increafied LV wail thickness (0.98r0.04 vs. o.f>5rO,03mm, 
P<0,005) and IV mass (165^17 *vs, 63=?2mg, P<0.005), inere«$ed diastolic diameter 
(4.1 2=0,2 vs. 3,3=:0-lmm, P<0.05), and decreased fractional shortening (34* 3 vs. 482:1%, 
P<0.0i) compared to young f&' r \ Conclusion: These findings demonstmte crosstab between 
me leptin and £3 signal transduction pathways in me maintenance of normal cardiac structure 
and function, and offer new insights into mechanisms tor o&esity'related LV hypertrophy and 
heart failure. 



Genetic Disruption of Angiotensin II Typola Receptor in Mice Attenuates 
Volume Overload Cardiomyopathy and improves Survival In Chronic Aortic 
Regurgitation 

Michlo Nakanishi, teniro IGshimoto, Masaki Harada, Koichrro Kuwahara, Rika Kawakami, 
Yasuaki Nakagawa. Keiji Tanimoto, Shinji Yasuno, Satoru Usami, HWeyuKi Kmeshha, Kazuwa 
NaKao; Kyoto Univ Grad Sch of Med, Kyoto, Japan 

ft is noi established whedier inhibition of the renin-angiotensin system (RAS) has a beneficial 
effect on the progression of cardiomyopathy or survrVal in isolated, chronic, severe aortic 
regurgitation (AR). To address this Question, we produced AR by puncturing the aortic valve 
with a 1.4-French Millar pressure catheter inserted via me right carotid artery in angiotensin 
II typela receptor knockout rnlco (K0, n-180) end wikf-typo mico (WT, n~l20). within a 
weeks after induction of AR more than half of both genotypes died (WT 57,5%, KO $8.3%. 
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The nitric oxide donor sodium nitroprusside stimulates 
the Na + -K + pump in isolated rabbit cardiac myocytes 

Maged William 1,2,3 , Jimmy Vien 1 , Elisha Hamilton 3 , Alvaro Garcia 1 , Henning Bundgaard*, 
Ronald J. Clarke 4 and Helge PL Rasmussen 1 ' 3 

'Department of Cardiology, Royal North Shore Hospital St Leonards, Sydney* NSW 2065, Australia 
department of Cardiology, Gosford Hospital, Gosford, NSW 2250, Australia 
3 Department of Medicine, University of Sydney, NSW 2006, Australia 
4 School of Chemistry, University of Sydney, NSW 2006, Australia 

Nitric oxide (NO) affects the membrane Na + -K + pump in a tissue-dependent manner. 
Stimulation of intrinsic pump activity, stimulation secondary to NO-induced Na + influx 
into cells or inhibition has been reported. We used the whole-cell patch clamp technique to 
measure electrogenicNa + -K* pump current (J p ) in rabbit ventricular myocytes. Myocytes were 
voltage clamped with wide-tipped patch pipettes to achieve optimal perfusion of the intra- 
cellular compartment, and I p was identified as the shift in holding current induced by 100 fMU 
ouabain. The NO donor sodium nitroprusside (SNP) in concentrations of 1, 10, 50 or 100 fJM 
induced a significant increase in J p when the intracellular compartment was perfused with 
pipette solutions containing 10 mM Na + , a concentration near physiological levels. SNP had 
no effect when the pump was near-maximally activated by 80 mM Na* in pipette solutions. 
Stimulation persisted in the absence of extracellular Na + , indicating its independence of trans- 
membrane Na + influx. The SNP-induced pump stimulation was abolished by inhibition of 
soluble guanyiyl cyclase (sGC) with i H- [ 1 ,2,4] oxadiazole [4,3-a] quinoxalin- 1 -one, by inhibition 
of protein kinase G (PKG) with KT-5823 or by inhibition of protein phosphatase with okadaic 
acid. Inclusion of the non-hydrolysable cGMP analogue 8pCPT~cGMP, activated recombinant 
PKG or the sGC-activator YC-1 in patch pipette filling solutions reproduced the SNP-induced 
pump stimulation. Pump stimulation induced by YC-1 was dependent on the Na + concentration 
but not the K + concentration in pipette filling solutions, suggesting an altered sensitivity of the 
Na + -K + pump to intracellular Na + . 

(Resubmitted 10 March 2005; accepted 6 April 2005; first published online 7 April 2005) 

Corresponding author H. H. Rasmussen: Department of Cardiology, Royal North Shore Hospital, St Leonards, NSW 
2065, Australia. Email: helger@med.usyd.edu.au 



The simple diatomic molecule nitric oxide (NO) 
participates in, or modulates, messenger pathways that 
regulate a variety of cellular functions in all mammalian 
organs. Its production is mediated by NO synthase 
(NOS) within endothelial and parenchymal cells. NO 
may also be supplied exogenously by pharmacological 
donors frequently used in the treatment of cardiovascular 
diseases. In cardiac myocytes, NO has a prominent role in 
the regulation of Ca 2+ handling. It modifies Ca 2+ influx 
via L-type sarcolemmal Ca 2+ channels, it regulates the 
sarcoplasmic reticulum (SR) Ca 2 " 4 " release channel and it 
may inhibit Ca 2+ -ATPase-mediated SR reuptake of Ca 2+ 
(Hare, 2003). Since sarcolemmal Na + -Ca 2+ exchange is 
a key determinant of cardiac myocyte Ca 2+ content, an 
effect of NO on the sarcolemmal Na^-K 4 " pump ultimately 
should affect Ca 2+ handling because the pump maintains 



the electrochemical gradient for Na + . Previous studies 
in various non-cardiac tissues have reported that NO 
does regulate the Na + -K + pump. However, results are 
conflicting. 

Na + -K + ATPase activity in isolated membrane 
fragments, measured with saturating ligand 
concentrations, was reduced after exposure of opossum 
kidney cells to the NO donor sodium nitroprusside (SNP; 
Liang & Knox, 2000). Sodium nitroprusside and other 
NO donors induced similar inhibition of Na + ~~K + ATPase 
activity in permeabilized tissue slices from the renal 
medulla (McKee et al. 1994), choroid plexus (Ellis et at. 
2000) and ciliary processes (Ellis et al 2001). However, the 
NO donor spermine NONOate, had no effect on Na + -K + 
pump activity in the thick ascending limb from rat kidney. 
Activity was measured at high saturating or physiological 
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rate-limiting levels of intracellular Na* (Ortiz et al 
2001). Varela et al (2004) reported that an inhibitory 
effect of NO donors on the pump activity in the thick 
ascending limb is time dependent. SNP induced Na + -K + 
pump stimulation in rabbit aorta (Gupta et al 1994) 
and human corpus cavernosum smooth muscle (Gupta 
et al 1995). Pump stimulation in the aorta was thought 
to be secondary to Na+ -H 4 * exchange-mediated influx 
of Na + and an increase in its intracellular concentration. 
The mechanism for stimulation in corpus cavernosum 
smooth muscle was not determined. 

Tissue-specific differences in Na*~K + pump regulation, 
differences in methodology used to study the Na + -K + 
pump and variable delivery of NO and its bioactive 
derivatives by the donor compounds may have contributed 
to the conflicting results between studies. We have used the 
whole-cell patch clamp technique to examine the effect 
of NO on the sarcolemmal Na + -K + pump in isolated 
rabbit ventricular myocytes. Provided wide-tipped patch 
pipettes are used, the technique allows control of the 
ligands of the Na + -K + pump at intra- and extracellular 
sites and control of membrane voltage. It also allows the 
intracellular delivery of membrane-impermeable drugs 
and compounds dissolved in patch pipette solutions, 
including compounds of large molecular size. Electrogenic 
Na + -K + pump current (Ip), arising from the 3Na + :2K + 
exchange ratio, can be identified as the shift in holding 
current induced by blocking the pump with ouabain. 
We show that SNP induces an increase in ip. To further 
characterize the mechanism, we examine the dependence 
of Na + -K* pump stimulation on intracellular Na + and 
K + . To avoid non-specific effects of pharmacological NO 
donors in these studies, we used the synthetic benzyl 
indazole derivative YC-1 (Russwurm & Koesling, 2002) to 
selectively activate soluble guanyiyl cyclase (sGC), a down- 
stream target molecule for NO. 

Methods 

Cells 

Single ventricular myocytes isolated from male New 
Zealand White rabbits were used. The rabbits, weighing 
2.8-3.5 kg, were anaesthetized with 50mgkg~ l ketamine 
and 20mgkg _1 xylazine hydrochloride given intra- 
muscularly. The heart was excised when deep anaesthesia 
was assured as indicated by the absence of a corneal reflex 
and response to deep pressure between the metatarsal 
bones. Details of techniques used to isolate ventricular 
myocytes have been previously described (Hool et al 
1995). The institutional review committee for animal 
research had approved experimental protocols. The myo- 
cytes were used on the day of isolation only. They were 
stored at room temperature in Krebs-Henseleit buffer 
solution until used for patch-clamp studies. 



Solutions 

Myocytes were suspended in a tissue bath mounted on 
an inverted microscope for experimentation. While we 
established the whole-cell configuration, the bath was 
perfused with modified lyrode solution, which contained 
(mM): NaCl, 140; KC1, 5.6; CaCl 2 , 2.16; MgCl 2 , 1; glucose, 
10; NaH 2 P04, 1; sodium glutamate, 9; and Hepes, 10. 
It was titrated to a pH of 7.40 ±0.01 at 35°C with 
NaOH. For measurement of I p> we switched to a super- 
fusate that usually was identical except that it was 
nominally Ca 2+ free and contained 0.2 mM CdCl 2 and 
2mM BaCl 2 . In some experiments we modified this 
solution by replacing Na + - containing compounds with 
N-methyl-D-glucamine chloride (NMG-C1; Hansen etal 
2000). The K + concentration in the super fusate was 
5.6 mM in all experiments unless otherwise indicated. 

For most experiments, wide -tipped patch pipettes 
(4-5 ixm diameter) were filled with solutions containing 
(mM): Hepes, 5; MgATP, 2; EGTA, 5; potassium glutamate, 
0-140; and sodium glutamate, 10. Osmotic balance 
was maintained with 150-10 mM tetramethylammonium 
chloride (TMA-C1). We eliminated Na + -containing 
compounds in pipette solutions in some experiments 
(replaced with TMA-C1) while we increased the Na + 
concentration to 80 mM in others (osmotic balance 
was maintained by adjusting the concentration of 
TMA-C1). The dependence of I p on the intracellular 
Na + concentration in the absence of intracellular K + was 
examined using pipette solutions that included 0-80 mM 
sodium glutamate. The osmotic balance was maintained 
with TMA-C1. All pipette solutions were titrated to a pH 
of 7.05 db 0.01 at 35°C with 1 mM TMA-OH. 

Wide-tipped patch pipettes were used to optimize 
control of the concentration of the intracellular ligands 
for the Na + -K + pump. The patch pipettes had initial 
resistances of 0.8-1.1 MQ when filling solutions included 
K + at the concentration of 70 mM used in most 
experiments. Results were independent of series resistance 
in the whole-cell configuration only if levels were 
<2.8Mfi; the levels in accepted experiments ranged 
from 1.6 to 2.8 M£2. Since K + has a higher conductivity 
than the other ions in pipette solutions (Hille, 1992) the 
series resistance was higher when we used K + -free pipette 
filling solutions. Control of the concentration of intra- 
cellular pump ligands, as indicated by independence of 
the measured pump currents of the series resistance, was 
achieved at levels < 4.0 MQ. 

J p was identified at a holding potential of —40 mV as 
the difference between stable plateaus of holding current 
before and after Na + -K + pump blockade with 100 fMM 
ouabain. Na + -K + pump inhibition is saturated when 
rabbit ventricular myocytes are exposed to ouabain at this 
concentration (Drewnowska & Baumgarten, 1991; Hool 
et al 1995). A stable current plateau was identified when 
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no drift could be identified on the digital display of the 
voltage clamp amplifier for at least 50 s. The plateaus 
were defined by the means of 10 samples acquired with 
an electronic cursor at ~5 s intervals. Recordings were 
obtained using the continuous single-electrode mode of 
Axoclamp 2A or 2B amplifiers supported by AxoTape and 
pCLAMP software (Axon Instruments, Foster City, CA, 
USA). We report I p normalized for membrane capacitance 
and hence cell size. 

We used ouabain to inhibit the pump in this study 
because alternative, faster acting, cardiac steroids are less 
potent and would have to be used at a higher concentration 
to assure complete Na + -K + pump inhibition. Any 
compound at a high concentration may have effects 
on non-pump membrane currents. We did not attempt 
to achieve wash-off of ouabain because, even when 
short-acting cardiac steroids are used, their effects on 
inotropy and intracellular Na + in cardiac tissue remain for 
> 30 min (Lee etal. 1980; Boyett etal 1986). In agreement 
with this, Na + -K + pump currents of ventricular myocytes 
(Mogul et at 1990) do not return to control levels within 
a time frame that assures drift- free recordings. 

Chemicals and reagents 

TMA-C1 and NMG-C1 were purum grade and were 
obtained from Fluka Chemicals (Switzerland). All other 
chemicals used in Tyrode solutions were analytical grade 
and were obtained from BDH (Australia). Ouabain, 
SNP and bovine Cu,Zn superoxide dismutase were 
obtained from Sigma- Aldrich (St Louis, MO, USA) 
and YC-1, lH-[ 1,2,4] Oxadiazole[4,3-a]quinoxalin-l-one 
(ODQ), KT-5823, okadaic acid, methyl okadaic acid, 
8-pCPT-cGMP and recombinant bovine cGMP-activated 
protein kinase (PKG) were supplied by Calbiochem 
(La Jolla, CA, USA). 

Statistical analysis 

Results are expressed as means dc s.e.m. Student's t test for 
unpaired data is used for statistical comparisons. We used 
Dunnett's test when the same control group was used for 
more than one comparison and a Mann-Whitney rank 
sum test for unequal sample sizes when data could not be 
assumed to be normally distributed. P < 0.05 is regarded 
as significant in all comparisons. 

Results 

Effect of sodium nitroprusside on pump current 

To examine whether the NO donor SNP has an effect on the 
Na + -K + pump we measured J p of control myocytes and of 
myocytes exposed to 50 fMM SNP. Patch pipette solutions 
contained 10 mM Na+, a concentration near physiological 
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intracellular levels in rabbit ventricular myocytes (Hool 
etal 1995). The concentration of K + in pipette solutions 
was 70 mM. The superfusate included 150 mM Na + . We 
maintained control myocytes as well as myocytes exposed 
to SNP in the whole-cell configuration for 10-12 min 
before exposing them to ouabain. Figure 1A shows traces 
of holding currents recorded from a control myocyte and 
a myocyte exposed to SNP. Ouabain induced a larger shift 
in holding current of the myocyte exposed to SNP than of 
the control myocyte. 

Additional experiments were performed to examine 
whether SNP induces an increase in I v due to an increase 
in transsarcolemmal Na + influx. Such influx could cause 
secondary stimulation of the pump due to an increase 
in the intracellular Na + concentration. In one set of 
experiments we patch clamped myocytes using pipette 
filling solutions that were nominally Na + free. The super- 
fusate contained Na + . Figure IB shows traces of holding 
currents of a control myocyte and of a myocyte exposed 
to SNP. Ouabain-induced shifts in holding currents were 
barely detectable for either myocyte. Similar results were 
obtained for two additional myocytes exposed to SNP. If 
SNP enhances transsarcolemmal Na + influx it does not 
cause an increase in the intracellular Na + concentration 
that can be detected as an increase in I ? , 

To obtain independent support for the conclusion that 
the SNP-induced increase in Na + -K + pump activity is not 
due to enhanced Na + influx we used patch pipette solutions 
that contained 10 mM Na + and a superfusate that was Na + 
free. This eliminates any possible SNP-inducedNa + influx. 
Figure 1C shows holding currents of a control myocyte 
and of a myocyte exposed to SNP. Ouabain induced a 
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Figure 1. Sodium dependence of ouabain-induced shifts in 
holding currents 

Patch pipette filling solutions and superfusates included 10 and 
1 50 mM Na + for experiments shown in A, 0 and 1 50 mM for B and 10 
and 0 mM for experiments shown in C. The traces show holding 
currents before and after exposure to ouabain (Oua). The membrane 
capacitance, C m (in pF) is indicated to facilitate comparisons. 
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larger shift in the holding current of the myocyte exposed 
to SNP than of the control myocyte. The mean levels 
of Z p in experiments performed using Na + - containing 
patch pipettes and superfusates that contained Na* or 
were Na + free are summarized in Fig. 2. Mean I p recorded 
using control, SNP-free superfusates appeared higher in 
the presence than in the absence of extracellular Na + . 
We attribute this to an allosteric effect of extracellular 
Na + which accelerates conversion of the enzyme from the 
low-affinity E 2 state to the high-Na + -affinity Ej state and 
enhances the apparent affinity for Na* at cytosolic Na + - K + 
pump sites (Buhagiar etal 2004). However, a statistically 
significant increase in J p with exposure to SNP persisted 
in the absence of extracellular Na + . 

To examine the relationship between the concentration 
of SNP and J p we exposed myocytes to SNP in 
concentrations ranging from 1 to 1000 ^m. Patch pipettes 
and superfusates contained 10 mM Na + and 70 mM K + . 
The superfusate contained 150 mM Na + . Results are 
shown in Fig. 3. SNP at concentrations of 1> 10, 50 
and 100 jjlm induced a statistically significant increase 
in Ip. However, there was no significant stimulation 
relative to control myocytes when the concentration was 
increased further to 1000 /xm, i.e. there was not a simple 
concentration-dependent effect of SNP. Since SNP at high 
concentrations has oxidant effects in vitro that can be 
prevented by superoxide dismutase (Jaworski et al 
2001) we included 200 /xm cytosolic Cu,Zn superoxide 
dismutase (SOD) in pipette ruling solutions and exposed 
myocytes 1000 ju-m SNP. Mean J p has been included 
in Fig. 3. Superoxide dismutase restored SNP-induced 
stimulation of J D . 
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Figure 2. Effect of SNP on Na + -K + pump current 

The Na + concentration in patch pipette filling solutions was 10 mM in 
alt experiments. Mean (± s.e.m.) / p values recorded in a superfusate 
that included 150 mM Na + (A) or was Na + free {B) are shown. The 
extracellular Na* concentration ([Na + ] D > is indicated in the figure. The 
number of experiments is indicated in parentheses. *P < 0.05. 



Intracellular messengers linking NO 
to Na*-K + pump stimulation 

Soluble guanylyl cyclase is the classical target molecule 
mediating cellular effects of NO. However, since some 
effects of NO are independent of sGC, we measured 
J p while blocking sGC and its downstream messengers. 
Patch pipettes contained 10 mM Na + and 70 mM K + , 
The superfusate contained 150 mM Na* and we used 
SNP at a concentration of 50 /am. We included 10 ijlm 
of the NO-competitive antagonist ODQ in patch pipette 
solutions to block access of NO to sGC and so block 
stimulation of cGMP synthesis. Figure 4 shows that ODQ 
abolished the SNP-induced pump stimulation. 

The inhibition of the SNP-induced pump stimulation 
by ODQ implicates protein kinase G (PKG) in the down- 
stream messenger pathways that mediate the stimulation. 
However, since cGMP can directly activate effector 
proteins independent of phosphorylation (Dirnmeler 
et al 1999), we examined the effect of inhibiting 
PKG by including 0.5 /am KT-5823 in patch pipette 
solutions. KT-5823 abolished the SNP-induced pump 
stimulation, implicating a role for PKG in the stimulation. 
If the pump stimulation is due to PKG directly 
phosphorylating Na + -K + pump molecules, inhibition of 
phosphatase-mediated dephosphorylation might enhance 
the effect of SNP. To examine this we included 0,1 jam 
okadaic acid in patch pipette solutions. Figure 4 shows that 
phosphatase inhibition abolished, rather than enhanced, 
the SNP-induced pump stimulation. 
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Figure 3. Dependence of Na + -K + pump current on the 
concentration of SNP 

The Na + concentration in patch pipette filling solutions was 10 mM. 
The superfusate contained 1 50 mM Na + and 5.6 mM K + . Superoxide 
dismutase (SOD) was included in the patch pipette solution as 
indicated. Mean (± s.e.m.) / p values at different concentrations of SNP 
are indicated. The numbers of experiments are indicated in 
parenthesis. Asterisk indicates a statistically significant SNP-induced 
increase in / p . 
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Figure 3 shows that there is not a simple 
concentration-dependent effect of the NO donor 
SNP on J p , To examine the effect of activating messengers 
downstream from the NO-activated sGC we activated PKG 
by including a cGMP analogue in patch pipette solutions. 
We used thenon-hydrolysable analogue 8-pCPT-cGMP to 
prevent its rapid intracellular breakdown. Figure 5 shows 
that 8-pCPT-cGMP induced a concentration-dependent 
increase in I p . Since 8-pCPT-cGMP in high concentrations 
might activate protein kinase A (PKA), we examined 
the effect of adding 0.5/am of H-89 (N-[2-(p- 
bromocinnamylamino) ethyl] -5 -isoquinolinesulfonamide 
dihydrochloride) to pipette solutions containing ImM 
8-pCPT-cGMP. The mean I p recorded in such experiments 
is included in Fig. 5. The 8-pCPT-cGMP-induced increase 
in I p persisted after PKA blockade. 

To avoid non-specific effects of high concentrations of 
8-pCPT-cGMP we also examined the effect of including 
400 U ml~ ! recombinant bovine PKG in the patch pipette 
solution (White et al 2000). To activate PKG we included 
20 fMM 8-pCPT-cGMP in the solution. Figures shows 
that 20 iim 8-pCPT-cGMP in patch pipette solutions had 
no effect on I p in the absence of recombinant PKG. 
However, the combination of 20 fAM 8-pCPT-cGMP and 
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Figure 4. Intracellular messenger pathways linking SNP to 
Na + -K + pump stimulation 

Myocytes were superfused with control solutions or solutions 
containing SNP. Patch pipettes contained control solutions or solutions 
containing inhibitors of soluble guanylyl cyclase (ODQ), protein 
kinase G (KT-5823) or protein phosphatase (okadaic acid, OA). 
Numbers in parentheses indicate the number of myocytes studied with 
each set of conditions. * Significant difference between mean 
(± s.e.m.) I p values of myocytes exposed or not exposed to SNP; 
# significant difference between / p of myocytes exposed to SNP and 
patch clamped using control pipette filling solutions and solutions 
containing ODQ, KT-5823 or OA. Results of experiments using an 
SNP-free superfusate and ODQ, KT-5823 or OA in pipette solutions 
are also shown. 



recombinant PKG in pipette solutions induced a large 
increase in I D . 



Activation of sGC with YC-1 

Figures shows that there is a clear 
concentration-dependent effect of an analogue of 
the product of sGC, cGMP, while Fig. 3 shows that 
the relationship between the NO donor SNP and J p is 
much less predictable. In addition, activation of sGC 
by exposure to SNP causes a smaller increase in J p than 
activation of messenger pathways downstream from sGC. 
This suggests that there are non-specific effects of SNP. To 
avoid this while still inducing activation via the classical 
target molecule for NO, sGC, we included 1 (joa YC-1 in 
patch pipette solutions. The solutions included 10 mM 
Na + and 70 mM K + . Superfusates included 5.6 mM K + 
and they contained 1 50 mM Na + or they were Na + free. 
Figure 6A shows that ouabain induced a shift in holding 
current in the presence or absence of extracellular Na + , 
All experiments using the same protocols are summarized 
in Fig. 62?. YC-1 induced a large, statistically significant 
increase in I p that was independent of the presence or 
absence of extracellular Na + . 

The Na + -K+ pump stimulation induced by YO 1 might 
be due to an increase in maximal turnover of the pump 
or due to an increase in its sensitivity to intracellular Na + . 
An increase in maximal turnover should be reflected by 
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Figure 5. Effect of 8-pCPT-cGMP, TEA and recombinant PKG on 
Na + -K + pump current 

Myocytes were exposed to control superfusates, and the compounds 
indicated in the figure were included in patch pipette solutions. 
Numbers in parentheses indicate the number of myocytes for each set 
of experimental conditions. Asterisk indicates a significant difference 
(P < 0.05) between / p values of myocytes patch clamped using control 
patch pipette filling solutions and solutions containing 8-pCPT-cGMP, 
TEA. The protein kinase A inhibitor H-89 did not prevent the activation 
of Ip induced by the highest concentration of 8-pCPT-cGMP,TEA. 
# Significant difference (P < 0.05) between l p values of myocytes 
patch clamped using filling solutions containing 20 plm 8-pCPT-cGMP, 
TEA with or without recombinant bovine protein kinase G (PKG). 
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an increase in I p recorded when intracellular pump sites 
are nearly saturated by a high concentration of Na + . We 
patch clamped myocytes using 80 mM Na + and 70 mM 
K* in pipette solutions, The superfusate included 150 and 
5,6 mM K + . Figure 6Cshows examples of ouabain-induced 
shifts in holding currents of a control myocyte and a 
myocyte exposed to YC-1. The ouabain-induced shifts 
in currents were much larger than those recorded using 
10 mM Na + in pipette solutions (Fig. 6 A) and they were 
similar for a myocyte exposed or not exposed to YC-1. 
All experiments performed using 80 mM Na + in the 
pipette solution are summarized in Fig. 6D. There was 
no significant difference between the mean I p of control 
myocytes and that of myocytes exposed to YC- 1 , suggesting 
that YC-1 does not stimulate maximal pump turnover. 

To ascertain that YC-1 activates the same messenger 
pathways as those implicated for SNP-induced Na + -K + 
pump stimulation we examined the effects of ODQ, 
KT-5823 or okadaic acid in patch pipette solutions. The 



pipette solutions included 10 mM Na + and 70 mM K + . 
Figure 7 shows that ODQ, KT-5S23 and okadaic acid 
abolished the YC-1 -induced Na + ~K + pump stimulation, 
i.e. the pattern of inhibition by blockers of implicated 
messenger pathways was identical to that shown for SNP 
in Fig. 4. 



Dependence of Na + -K + pump stimulation 
on intracellular Na + and K + 

The dependence of pump stimulation on a non-saturating 
concentration of intracellular Na + suggests that YC-1 
causes a change in the sensitivity of the pump to intra- 
cellular Na + . Since Na + binds at two sites on the cyto- 
solic side of the pump in competition with K + and at a 
third site selective for Na + , we examined the dependence 
of pump stimulation induced by YC-1 on the intra- 
cellular K + concentration. We voltage clamped myocytes 
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Figure 6. Effect of activation of soluble guanylyl cyclase with YC-1 on Na + -K+ pump current 

Inclusion of 1 mm YC-1 in pipette solutions is indicated in the figure. A shows shifts in holding current induced by 
ouabain (Oua) recorded using Na + at a concentration <[Na + ] P i P ) of 10 mM Na + in patch pipette solutions. The Na + 
concentration in superfusates ([Na + ] 0 ) was 150 mM (upper traces) or 0 mM (lower traces). B summarizes mean 
(±s.e.m.) I p values recorded in Na + -containing and Na + -free superfusates. C shows ouabain-induced shifts in 
holding current recorded using 80 mM Na + in patch pipette solutions, recorded in Na + -containing superfusates. D 
summarizes mean / p values recorded using 80 mM Na + in pipette solutions. C m indicates membrane capacitance 
in pF. *P < 0.05. 
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using patch pipettes containing 10 dim Na + and K + at a 
concentration ([K] p i P ) ranging from 0 to 140 mM. Super- 
fusates included 150 mM Na + and 5.6 mM K + . Figure 8 
shows a summary of J p of control myocytes and of myo- 
cytes patch clamped using 1 (jlm YC-1 in pipette filling 
solutions. As expected, there was a [K] pip -dependent 
decrease in J p . YC-1 induced a significant increase in J p 
in the presence or absence of K + in patch pipette filling 
solutions. 

Since YC-1 induces Na + -K + pump stimulation at a 
non-saturating concentration of intracellular Na + only 
and since stimulation can occur in the nominal absence 
of intracellular K 4 *, we examined whether YC-1 alters 
the sensitivity of the pump to intracellular Na + in 
the absence of intracellular K + . We patch clamped 
myocytes using pipette solutions that were K + free and 
included Na + at concentrations ranging from 0 to 80 mM. 
To eliminate binding of K + at extracellular sites as a 
rate-limiting step at high pipette Na + concentration we 
used a K + concentration of 15 mM in the superfusate in 
these experiments. The Na + concentration in the super- 
fusate was 150 mM. Figure 9 A shows the ouabain-induced 
shift in holding current of a control myocyte patch 
clamped using a pipette solution that contained 80 mM 
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Figure 7. Intracellular messenger pathways linking YC-1 to Na + 
-K + pump stimulation 

Patch pipettes contained control solutions or solutions that contained 
YC-1 and inhibitors of soluble guanylyl cyclase (ODQ), protein kinase G 
(KT-5823) or protein phosphatase (okadaic acid, OA) as indicated. The 
Na+ concentrations in pipette solutions and superfusates were 10 and 
150 mM, respectively. Numbers in parentheses indicate the number of 
myocytes studied with each set of conditions. * Significant difference 
(*P < 0.05) between mean (± s.e.m.) / p values of myocytes perfused or 
not perfused with pipette solutions containing YC-1; # significant 
difference (*P < 0.05) between mean / p values of myocytes perfused 
with pipette solutions containing YC-1 alone and solutions containing 
both YC-1 and ODQ, KT-5823 or OA. Results of control experiments 
using ODQ, KT-5823 or OA alone are shown in Fig. 4. 



Na + . The ouabain-induced shift in current appeared 
much larger than the shift recorded using K + -containing 
pipette filling solutions with the same Na + concentration 
(Fig. 6). Figure 9B summarizes experiments performed 
using different Na + concentrations in pipette solutions. 

For the purpose of assigning a value to the intra- 
cellular Na 4 * concentration that induces half-maximal 
pump activation we fitted the Hill equation to the data. 
We derived values of 24.0 mM for control myocytes and 
14.1 mM for myocytes perfused with pipette solutions 
containing YC-1. Since I ? is not a direct measure of Na + 
binding, the fit is without mechanistic implications and 
is therefore not shown. Mean I p is similar for control 
myocytes and for myocytes exposed to YC- 1 when [Na + ] P i P 
is 0 or 80 mM. However, YC-1 seemed to induce an increase 
in I p when [Na] p i P was at the rate-limiting concentrations 
of 5, 10 or 20 mM, A Mann-Whitney test indicated that 
YC-1 induces a significant increase in I p when data 
obtained at these three Na + concentrations are considered 
in combination. 



Discussion 

Previous studies have reported inhibition (McKee et al 
1994; Liang & Knox, 2000; Ellis et al 2000, 2001; Varela 
etal 2004), the absence of any effect (Ortiz et al 2001) and 
stimulation (Gupta et al 1994, 1995) of the membrane 
Na + -K + pump when various tissues were exposed to 
NO donor compounds. Stimulation was secondary to 
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Figure 8. Dependence of Na + ~K + pump stimulation induced by 
YC-1 on intracellular K + 

/ p was measured in myocytes voltage clamped using control pipette 
filling solutions 0 or solutions containing YC-1 (•). The pipette filling 
solutions contained Na + at a concentration of 10 mM and K + at a 
concentration ([K+ ] P i P ) ranging from 0 to 140 mM. The numbers of 
experiments for each set of conditions are indicated in parentheses. 
Mean (± s.e.m.) / p values for myocytes perfused with pipette solutions 
containing YC-1 were significantly (*P <. 0.05) higher than for 
myocytes perfused with control solutions at all levels of [K] P j P . 
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enhanced Na + influx rather than due to a direct effect 
on the Na + -K + pump in vascular smooth muscle (Gupta 
et al 1994). In our study, SNP stimulated intrinsic pump 
activity, independent of enhanced transsarcolemmal Na + 
influx. The discrepancy between our results and previous 
studies may be organ dependent (Therien & Blostein, 
2000). However, use of pharmacological NO donor 
compounds may also have contributed to inconsistent 
results. The pathways leading to formation of NO from the 
compounds and derivative side reactions are exquisitely 
sensitive to the local oxygen tension, and the amount of 
bio- active intermediate and end products that form during 
metabolism and degradation may exceed the amount of 
NO (Ignarro et al 2002). The net response may arise 
from a balance between, at times opposing, effects of 
compounds generated. NO and its derivatives can directly 
inhibit isolated Na + -K + ATPase, in part via effects on 
membrane fluidity (Muriel & Sandoval, 2000), and the 
derivative peroxynitrite inhibits Na + -K + ATPase activity 
in renal cells exposed to NO donors. The inhibition is 
abolished when the peroxynitrite precursor, superoxide, 
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Figure 9. Dependence of Na + -K + pump stimulation induced by 
YC-1 on intracellular Na + 

/ p was measured in myocytes voltage clamped using control pipette 
filling solutions (A) or solutions containing YC-1 (•>. The pipette filling 
solutions contained Na + at concentrations ranging from 0 to 80 mM. 
They were nominally K + free. The numbers of experiments for each set 
of conditions are indicated in parentheses. Mean (± s.e.m.) / p values 
for myocytes perfused with pipette solutions containing YC-1 were 
significantly higher than for myocytes perfused with control solutions 
when the pipette Na+ concentration was at rate-limiting levels. 



is eliminated with SOD (Varela et al 2004). In our study, 
SNP induced Na + -K + pump stimulation at all but the 
highest concentration used, and stimulation at the high 
SNP concentration was restored by SOD. 

Activation and inhibition of messengers implicated 
in NO -mediated pathways 

While SNP consistently induced Na + -K + pump 
stimulation, there was not a simple concentration 
-dependent increase in I p and there was considerable 
variability of I p with exposure to SNP (Fig. 3). To avoid 
ambiguities of pharmacological NO donors we used YC-1 
in patch pipette solutions to selectively activate sGC, a 
downstream target molecule for NO. Since a scaffold 
protein directs sGC to a membrane association in close 
proximity to nitric oxide synthase (Russwurm & Koesling, 
2002), YC-1 activates sGC at sites of endogenous NO 
synthesis (Russwurm et al, 2002). Such activation may 
better reflect physiological signalling than exposure of cells 
to SNP because effects of YC-1 should be largely restricted 
to the microdornains of synthesis and breakdown of 
NO, YC-1 reproduced the SNP-induced stimulation 
of Ip. This, in combination with the effect of selective 
inhibition of sGC with ODQ (Russwurm et al. 2002) in 
pipette solutions (see Figs 4 and 7), strongly implicates 
sGC in Na + -K + pump stimulation. The effect of cGMP 
synthetized on activation of sGC is usually mediated by 
PKG. However, it may also be due to a cGMP-mediated 
increase in cAMP and activation of PKA, it may be due to 
activation of PKA by cGMP in high concentrations or due 
to a direct effect of cGMP on effector proteins (White, 
1999). The persistence of pump stimulation when H-89 is 
included in patch pipette solutions rules out involvement 
of PKA. 

Since KT-5823 has imperfect selectivity for PKG we 
included recombinant PKG in the pipette solution and 
activated it with 20 fj,M 8-pCPT-cGMP. PKG reproduced 
effects of SNP and YC-L Of note, 20 /am 8-pCPT-cGMP 
in the absence of PKG in pipette solutions had no effect 
on J p . While a difference in sensitivity to activation of 
endogenous and recombinant PKG may account for this, 
PKG endogenous to the myocyte may have been exposed 
to 8-pCPT-cGMP in a concentration lower than 20 fMM 
because 8-pCPT-cGMP is highly membrane permeable. 
Rate-limiting diffusion through the patch pipette tip can 
result in an intracellular concentration in voltage clamped 
cardiac myocytes of membrane-permeable compounds 
that is lower than the concentration in pipette solutions 
(Mathias etal 1990). 

Taken together, the data indicate that PKG mediates 
Na + -K + pump stimulation induced by SNP and YC-L 
There are few established molecular targets for PKG 
(Moreno et al 2001). Phosphorylation of the pump 
molecule or of the closely associated FXYD1 protein 
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implicated in pump regulation (Cornelius et al 2001) 
is unlikely because FXYD1 is not reported to be 
phosphorylated by PKG and the pump itself is not 
easily phosphorylated by PKG (Fotis et al 1999). In 
addition, if Na + -K+ pump stimulation were mediated 
by phosphorylation of die pump molecule or the 
FXYD1 protein, inhibition of protein phosphatases 
with okadaic acid should enhance rather than abolish 
stimulation. Protein phosphatases are often implicated 
in PKG-mediated signalling (White, 1999; Moreno et al 

2001) , and phosphatase-mediated dephosphorylation of 
FXYD1 has been reported (Neumann et al 1999), 
PKG can mediate phosphorylation of a regulatory 
protein for protein phosphatase 1 in smooth muscle 
myocytes. However, the phosphorylation inhibits rather 
than activates phosphatase activity (Tokui et al 1996) and 
cannot account for our results. The available information 
cannot identify the okadaic acid-sensitive step in our 
study. 

Effect of NO on functional properties 
of the Na + -K + pump 

Interpretation of the YC-1- and SNP-induced change in 
the sensitivity of the Na + -K + pump to intracellular Na + 
depends on the assumption that Na + concentrations in the 
cytosol and pipette solutions are similar. Concentration 
gradients could exist between the pipette solution and the 
intracellular bulk phase (Mathias et al 1990) or between 
the bulk phase and a diffusion-restricted subsarcolemmal 
space (Despa & Bers, 2003; Silverman et al 2003), Trans- 
sarcolemmal influx should maintain intracellular Na + at a 
level high enough to support an easily detectable Na + -K + 
pump current when Na+~free pipette solutions are used, 
unless the intracellular concentration largely reflects the 
concentration in the patch pipettes (Mathias et al. 1990; 
Silverman et al 2003). Nakao & Gadsby (1989) used 
wide- tipped patch pipettes to optimize control of intra- 
cellular Na + . When I p was recorded in Na + -containing 
superfusates with Na + -free patch pipettes it was —3.5% 
of the J p recorded with pipettes containing 50 mM Na + . 
This fraction was reduced to —0.8% when superfusates 
were Na + free to eliminate transsarcolemmal Na + influx. 
The Jp we recorded with Na + -free patch pipettes was 
—0.3% of the J p expected when pipettes contained 50 mM 
Na + (extrapolated from Fig. 9B). This low level was 
achieved in Na + -containing superfusates, and suggests 
that a diffusion-restricted subsarcolemmal space does not 
give rise to substantial Na + concentration gradients. In 
support of this we have reported that a ouabain-sensitive 
current is easily detectable when the Na + concentration 
in pipette solutions is as low as 0.1 mM (Hansen et al 

2002) . We conclude that the Na + concentration at 
cytosolicpump sites approximates that in pipette solutions 
in our experiments. 



Na + -K + pump regulation can depend on intracellular 
K + (Buhagiar et al 1999, 2004), which is consistent with 
an effect on the backward E } -f 2K + ~> E 2 (K + ) 2 reaction 
(Buhagiar et al. 2004) where E } is the unphosphorylated 
conformation of the enzyme with a high affinity 
for cytoplasmic NA + ions and E 2 is the alternative 
unphosphorylated conformation which is stabilised by 
cytoplasmic K* ions. However, such a mechanism cannot 
account for the pump stimulation in this study because 
stimulation could be demonstrated in the absence of intra- 
cellular K + (Figs 8 and 9). A change in the apparent Na* 
affinity might account for pump stimulation. A change 
in the affinity could be due to a change in intrinsic Na + 
binding to the Ei conformation of pump molecules or 
due to an apparent change in affinity from a change in 
the rate of reactions determining availability of the Ej 
conformation (Apell & Karlish, 2001). Mechanistic details 
cannot be determined from this study. 

The relative increase in I p induced by YC-1 was larger 
at 5.6 than at 15 mM extracellular K + (Figs 8 and 9). 
The higher concentration must stimulate the pump, 
Any additional stimulation may then be less evident if 
subsequent steps, independent of K + , become rate 
limiting. Effects of binding of K + to the E 2 conformation 
should be small because binding is nearly saturated 
at 5.6 mM. Nor can an increase in the rate of the 
K+ -stimulated dephosphorylation reaction account for 
stimulation because the reaction is not rate limiting (Kane 
et al 1998; Kong & Clarke, 2004). However, allosteric 
binding of K + stimulates rate-limiting (Kong & Clarke, 
2004) deocclusion of K + and the E 2 -> E } conformational 
transition (Forbush, 1987). We considered the stimulation 
this may mediate. We modified a mathematical model of 
the Na + -K + pump cycle (Kong & Clarke, 2004) to take into 
account allosteric effects of extracellular K + (see Appendix 
for details). Simulations indicated that one might expect 
a 28% increase in pump rate when extracellular K + 
is increased from 5.6 to 15 mM. A quantitative inter- 
pretation of the simulations is not justified because most 
parameters in the model were derived from presteady-state 
kinetic measurements on purified Na + -K + ATPase from 
kidney while our experimental data were obtained in 
intact cardiac cells. However, the simulations are consistent 
with the qualitative conclusion that the difference in 
extracellular K + concentration may affect the relative size 
of pump stimulation induced by YC- 1 . This highlights how 
details of experimental conditions may affect analysis of 
Na + -K + pump regulation. 

Appendix 

To examine allosteric effects of K* we simulated 
steady-state Na + -K + pump activity under the 
experimental conditions used here (extracellular 
Na + concentration 150 or 140 mM, extracellular 
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K + concentration 5.6 or 15 mM, intracellular Na + 
concentration 10 mM, intracellular K + concentration 
OmM and intracellular ATP concentration 2mu). We 
modified eqn (5) of a previously published model (Kong 
& Clarke, 2004) by changing the dissociation constants for 
the activation of enzyme dephosphorylation by the two 
transported K + ions, iC£ t and JC£ 2 . They were estimated 
at 2.8 and 4.3 mM (Gray et al 1997). In addition, the 
equation for the observed rate constant for the E 2 ~> Ei 
transition, fc? bs , was modified to include an allosteric 
effect of external K*. The new equation was: 

kf* = {*? + k\ [Na + ] 0 /^5 + k\[K£P]/K h 

+ k*[Ka+] 0 [ATP]/(K°K A ) +A:f[K + ] 0 /^ 
+ MtK + ] 0 [Na + ) 0 /(^S^) +^[K+] 0 [ATP]/ 
(K£K A ) + ^[K+) 0 [Na+] o [ATP]/(^^^A)}/ 
{(1 -f [Na+] 0 /tf°)(l + [ATP]/tf A )(l + [K + ] 0 /^)} 

We refer to Table 1 of Kong 8c Clarke (2004) for the values 
and meanings of the parameters already included in the 
model. 

We made the assumption that the binding of Na + and 
K + to the allosteric sites is non-competitive and that the 
effects of the two ions are simply additive. K£ represents 
the dissociation constant of the external allosteric K + ions 
from the E 2 conformation of the enzyme, irrespective of 
whether Na + and/or ATP are simultaneously bound to 
allosteric sites. It has been set to the same value as K^, 
the dissociation constant for allosteric external Na + ions, 
i.e. 31 mM, in accord with the results of Forbush (1987) 
that the affinity of the enzyme for various allosteric ions 
is not substantially different. h^ y k\, fc? and k\ represent 
rate constants for the E 2 -> Ei transition (with up to two 
K + ions initially bound to E 2 at transport sites) when the 
allosteric sites are saturated by K + alone (k]) t by K + and 
Na+ (fc(),byK+ and ATP (*f ) and by K + , Na+ and ATP (**). 
In the absence of ATP, Na + and K + have similar effects in 
accelerating the E 2 ~> Ei transition (Forbush, 1987). Thus, 
the values of k\ and k\ have been chosen to be equal to k\, 
the rate constant for the transition at which only allosteric 
external Na 4 " ions are bound, i.e. 0.8 s"* 1 . 

External K + causes approximately 16% greater 
acceleration of the E 2 -> E| transition than external Na + 
in the presence of ATP (Forbush, 1987). Accordingly, since 
A:f , the rate constant for the transition when the enzyme is 
saturated by allosteric Na 4 * and ATP, has been determined 
tohaveavalueofapproximately 70 s" 1 (Liipfert etal 2001), 
the value of k\ was taken as 81 s" 1 . When the allosteric sites 
are saturated by ATP, Na + and K + , no experimental data are 
presently available on the value of the rate constant, i.e. k^. 
For the purpose of the simulation we assumed the effects 
of Na + and K + are additive, i.e. k h } = *? + k\ = 151 s~ l . 

The simulations were carried out using the 
commercially available program Berkeley Madonna 7.0 



via the variable step size Rosenbrock integration method 
for stiff systems of differential equations. The simulations 
yield the time course of the concentration of each enzyme 
intermediate, as well as the concentration of inorganic 
phosphate, from which the turnover number of the 
enzyme can be calculated. The simulations show that the 
turnover number of the enzyme is predicted to be 28 s" 1 
in the presence of 5.6 mM external K + and 36 s~ 1 in the 
presence of 15 mM external K + . 
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Conclusion 



In this study, we conducted administration of 30 mg and 60 mg of nadolol once per day for 7 
consecutive days and administration of 30 mg (per dose) twice per day for 1 day, in 20 healthy 
volunteers and patients, examined and considered plasma concentration, chest X-rays, 
electrocardiogram, blood pressure, hematology and blood biochemistry and urine during this 
period, and obtained the following results. 

1) Plasma concentration of nadolol reached a peak 2 to 4 hours after administration, and 
subsequently exhibited biphasic elimination. The elimination half-life of the p phase was 14 to 19 
hours, and it was speculated based on this elimination half-life that a steady state would be 
reached through repeated dosing after 4 to 5 days. 

2) Assuming that the plasma concentration of nadolol follows a two-compartment model, we 
were able to estimate the plasma concentration after repeated dosing based on the measured 
values from the first day of dosing. 

3) Based on AUCVoc for the first day and the steady state AUC 0 ~ 2 4 for the 7 th day, it was 
confirmed that repeated dosing with nadolol does not have an accumulation effect in the body. 

4) Compared to administration of 30 mg once per day, administration of 60 mg of nadolol 
once per day or 30 mg twice per day lead to greater changes in cardiovascular dynamics, such as 
pulse rate, blood pressure and double product, with a significant difference as compared to the 
value before administration being observed at nearly all measurement points. 

5) Based on the long half-life of plasma concentration, the significant decrease in double 
product, etc., as described above, it was concluded that nadolol is a clinically useful drug for 
angina pectoris, with one dose per day being sufficient. 

6) No side effects were found during the study period either in terms of subjective symptoms 
or clinical laboratory tests. 
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